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Preface

This book brings some examples of the state-of-the-art applications of Raman spectroscopy
in characterization of materials and biomaterials, mainly through intensification processes,
such as resonance Raman (RR) and Surface-enhanced Raman spectroscopy (SERS). The
main goal of this book is to open up to an extended audience the wide possibilities of appli‐
cations of Raman spectroscopy for academic, industrial, biomedical, and environmental pur‐
poses. All authors and editors try to use fluent language in order to make the reading
possible for a non-specialized public. In fact, this collective work will be beneficial to stu‐
dents, teachers, and researchers of many areas who are interested to expand their knowl‐
edge about Raman spectroscopy applied to nanotechnology, biotechnology, environmental
science, inorganic chemistry, in situ and in vivo detection, and health sciences.

This book is organized starting from an introductory chapter that discusses basic aspects of
conventional Raman Spectroscopy and also the special cases where the Raman scattering
signal can be strongly amplified. Many examples are exploited. The book is organized in
five main sections: (i) Introduction, (ii) Surface-Enhanced Raman Spectroscopy: Nanosub‐
strates and Applications, (iii) SERS and Raman Spectroscopy: Carbon Nanomaterials, (iv)
Raman Spectroscopy of Ferrite Nanomaterials, and (v) Raman Spectroscopy Applied to Bio‐
medical Sciences.

The second section (ii) has three chapters that focus on preparation of highly sensible nano‐
materials to be used as efficient and reliable platforms for SERS measurements: (a) In the first
chapter, the authors (M. Chirumamilla et al.) studied the synthesis and characterization of
three-dimensional (3D) nanostructures with multiple branches (MB) as SERS substrates with
breakthrough performances in hotspot-mediated ultra-sensitive detection; (b) in the follow‐
ing chapter (Marcin Pisarek et al.), the results of recent investigations into TiO2 nanotubular
oxide layers on Ti metal loaded with Ag nanoparticles are investigated. The efficiency of these
materials is discussed as surface plasmon resonators for precise surface analytical investiga‐
tions of numerous types of organic molecules at concentrations as low as, e.g., 10-9 M, and (c)
finally, the synthesis of precisely controllable anisotropic noble metal nanoparticles (NPs) is
reviewed (M. Xu and J. Zhang). This review has demonstrated the correlation of the key mor‐
phological parameters to achieve the strong E-field and ultra-sensitive SERS detection.

In fact, the SERS effect and also surface chemistry in general can be studied at molecular
level when the conventional Raman system is joined to a scanning tunneling microscope
(STM); in this case, the technique is appropriately named Tip-enhanced Raman spectroscopy
(TERS-STM). The origin of the chemical enhancement has been the subject of much debate
over the years. In this chapter (I. Rzeznicka and H. Horino), the effects of adsorption state of
a molecule and its orientation over Raman signal are studied from the standpoint of surface
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such as resonance Raman (RR) and Surface-enhanced Raman spectroscopy (SERS). The
main goal of this book is to open up to an extended audience the wide possibilities of appli‐
cations of Raman spectroscopy for academic, industrial, biomedical, and environmental pur‐
poses. All authors and editors try to use fluent language in order to make the reading
possible for a non-specialized public. In fact, this collective work will be beneficial to stu‐
dents, teachers, and researchers of many areas who are interested to expand their knowl‐
edge about Raman spectroscopy applied to nanotechnology, biotechnology, environmental
science, inorganic chemistry, in situ and in vivo detection, and health sciences.

This book is organized starting from an introductory chapter that discusses basic aspects of
conventional Raman Spectroscopy and also the special cases where the Raman scattering
signal can be strongly amplified. Many examples are exploited. The book is organized in
five main sections: (i) Introduction, (ii) Surface-Enhanced Raman Spectroscopy: Nanosub‐
strates and Applications, (iii) SERS and Raman Spectroscopy: Carbon Nanomaterials, (iv)
Raman Spectroscopy of Ferrite Nanomaterials, and (v) Raman Spectroscopy Applied to Bio‐
medical Sciences.

The second section (ii) has three chapters that focus on preparation of highly sensible nano‐
materials to be used as efficient and reliable platforms for SERS measurements: (a) In the first
chapter, the authors (M. Chirumamilla et al.) studied the synthesis and characterization of
three-dimensional (3D) nanostructures with multiple branches (MB) as SERS substrates with
breakthrough performances in hotspot-mediated ultra-sensitive detection; (b) in the follow‐
ing chapter (Marcin Pisarek et al.), the results of recent investigations into TiO2 nanotubular
oxide layers on Ti metal loaded with Ag nanoparticles are investigated. The efficiency of these
materials is discussed as surface plasmon resonators for precise surface analytical investiga‐
tions of numerous types of organic molecules at concentrations as low as, e.g., 10-9 M, and (c)
finally, the synthesis of precisely controllable anisotropic noble metal nanoparticles (NPs) is
reviewed (M. Xu and J. Zhang). This review has demonstrated the correlation of the key mor‐
phological parameters to achieve the strong E-field and ultra-sensitive SERS detection.

In fact, the SERS effect and also surface chemistry in general can be studied at molecular
level when the conventional Raman system is joined to a scanning tunneling microscope
(STM); in this case, the technique is appropriately named Tip-enhanced Raman spectroscopy
(TERS-STM). The origin of the chemical enhancement has been the subject of much debate
over the years. In this chapter (I. Rzeznicka and H. Horino), the effects of adsorption state of
a molecule and its orientation over Raman signal are studied from the standpoint of surface



chemistry at the nanoscale. In addition, two chapters deal with special applications of SERS
technique: (a) the recent research on the development of SERS substrates based on polymer
nanocomposites and their applications in different fields is reviewed (S. Fateixa et al.). In
addition, the joint use of Raman imaging and SERS in nanocomposite development is dis‐
cussed, and (b) the detection of organophosphorus molecules (W. Cai et al.) is the main fo‐
cus of the last chapter; the authors showed a route that could be suitable for detection of
some organophosphorus nerve agents and other molecules weakly interacted with the coin
metal substrates by choosing the appropriate modifiers.

The third section (iii) brings chapters that used conventional Raman spectroscopy and SERS
in the study of different carbon allotropes. The versatility of Raman spectroscopy is illustrat‐
ed in the characterization of single (SWNT) and multi-walled (MWNT) carbon nanotubes,
few layers of graphene, and its functionalized forms, with an emphasis on gas-sensing appli‐
cations (P. Misra et al.). The characteristic features in Raman spectra of carbon allotropes are
exposed, and the D and G band intensities are deeply investigated. In particular, one chapter
is devoted to graphene and different types of graphene oxide and its nanocomposites (E.I.
Bîru and H. Iovu). The last chapter (S. Botti and A. Rufoloni) in this section brings new results
in the SERS studies of carbon nanotubes and graphene at pristine and also modified condi‐
tions. These materials can amplify the SERS signal mainly by chemical mechanism.

The fourth section (iv) brings two chapters that use Raman spectroscopy as a powerful tool
for characterization of some important materials, such as ferrite nanoparticles and ferroelec‐
tric oxides. The first chapter gives a broad overview (P. Galinetto et al.) of the Raman spec‐
troscopy results in the characterization of ZnFe2O4 nanoparticles. The sensitivity of the
Raman signal to probe cation disorder favored the appearance of several detailed works on
a rich variety of nanosized zinc ferrites. An overview on the experimental results is reported
and discussed at variance with synthesis methods, grain dimensions, and dopants. The sec‐
ond chapter systematically studies the structure of ferroelectric oxides and rare-earth ele‐
ment-doped ferroelectric materials (Junhao Chu et al.). Structural transformations that alter
the crystal symmetry often have a significant effect on the Raman signal. The Curie tempera‐
ture (TC), distortion degree, and phase structure of the ferroelectric materials have been
monitored by temperature-dependent Raman spectroscopy.

The last section (v) is composed of two chapters dedicated to special applications of Raman
spectroscopy in biomedical area. The use of Raman spectroscopy as a tool for biochemical
investigation is the main focus of the first chapter in this section (A. Nunes and S. Magal‐
hães). Raman spectroscopy, mainly SERS, was already applied to successfully diagnose sev‐
eral types of cancer and infections, and preliminary results are also promising in the context
of Alzheimer’s disease. The success of Raman spectroscopy in biomedical applications is
based on the fact that the molecular composition of healthy tissue is different from diseased
tissue; also several disease biomarkers can be identified in Raman spectra, which can be
used to diagnose or monitor the progress of certain medical conditions (M. G. R-Elías and F.
J. González). This chapter outlines an overview of the use of Raman spectroscopy for in vivo
medical diagnostics and demonstrates the potential of this technique to address biomedical
issues related to human health.Finally, I would like to give special thanks to all authors that
contributed for this book (in alphabetical order): Alessandro Rufoloni, Alexander S. Roberts,
Alexandra Nunes, Andrea Cerea, Andrea Toma, Andrzej Kudelski, Anisha Chirumamilla,
Benedetta Albini, Daniel Casimir, Duncan S. Sutherland, Elena Iuliana Bîru, Esben Skovsen,
Francesco De Angelis, Francisco Javier González, Guangqiang Liu, Hideyuki Horino, H.I.S.

XII Preface

Nogueira, Horia Iovu, Iman Ahmed, Izabela Rzeznicka, Jan Krajczewski, Jiatao Zhang, Jinz‐
hong Zhang, Junhao Chu, Kai Jiang, Kjeld Pedersen, Liping Xu, Manohar Chirumamilla,
Marcella Bini, Marcin Holdyński, Marcin Pisarek, Maria Cristina Mozzati, Maria Janik-Cza‐
chor, Meng Xu, Michael Stenbæk Schmidt, Miguel Ghebré Ramírez-Elías, Mirosław Krawc‐
zyk, Peter Kjær Kristensen, Pietro Galinetto, Prabhakar Misra, Qian Zhao, Raul Garcia-
Sanchez, Remo Proietti Zaccaria, Roman Krahne, Sabina Botti, Sandra Magalhães, Sergey I.
Bozhevolnyi, S. Fateixa, Tomas Rindzevicius, Tomasz Płociński, T. Trindade, Weiping Cai,
and Zhigao Hu. Special thanks go to Ms. Marina Dusevic for supporting and assisting with
the book edition.

Gustavo Morari do Nascimento
Federal University of ABC

Santo André, Brazil
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1. Introduction

The vibrational spectroscopies have been largely employed in the determination of the molec-
ular structure and played a central role in many areas, from fundamental chemistry to materi-
als engineering. Among these techniques, the Raman spectroscopy is essential today in the 
study of nanostructured materials and biological systems in in situ and in vivo conditions. In 
addition, by intensification process, very small quantities can be analyzed (for certain cases in 
the limit of single molecule regime). Detailed information about the molecular structure can 
be obtained, because each vibration of atoms shows a characteristic position and intensity. 
Both position and intensity are influenced by the chemical environment, or in other words by 
chemical bonds, inter- and intramolecular forces.

2. Raman scattering

The Raman spectra have a different origin compared to infrared absorption (IR); an inelastic 
scattering process is responsible for the appearance of the vibrational bands. In IR spectros-
copy, the radiation is absorbed by available vibrational states (  E  1   ,   E  2   ,   E  3   ,…   E  N   ), it means that 
photon energy must be coincident with the energy difference between two available states. 
Thus,   E  N   −  E  1    = h𝜐𝜐 , being h the Planck’s constant. In Raman spectroscopy, a molecule can scat-
ter a monochromatic   ( ν  o  )   radiation. Typically, lasers with photon energies ranging from UV 
to near-IR region are used in the Raman experiments. The elastic scattering is called Rayleigh 
scattering, and it is much more intense than the inelastic Raman scattering (approximately 
10−8 lower than the intensity of the incident radiation). The Raman spectrum appears in a 
wavelength   ( λ  o  )   slightly higher or lower than the incident radiation [1–5].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

The vibrational spectroscopies have been largely employed in the determination of the molec-
ular structure and played a central role in many areas, from fundamental chemistry to materi-
als engineering. Among these techniques, the Raman spectroscopy is essential today in the 
study of nanostructured materials and biological systems in in situ and in vivo conditions. In 
addition, by intensification process, very small quantities can be analyzed (for certain cases in 
the limit of single molecule regime). Detailed information about the molecular structure can 
be obtained, because each vibration of atoms shows a characteristic position and intensity. 
Both position and intensity are influenced by the chemical environment, or in other words by 
chemical bonds, inter- and intramolecular forces.

2. Raman scattering

The Raman spectra have a different origin compared to infrared absorption (IR); an inelastic 
scattering process is responsible for the appearance of the vibrational bands. In IR spectros-
copy, the radiation is absorbed by available vibrational states (  E  1   ,   E  2   ,   E  3   ,…   E  N   ), it means that 
photon energy must be coincident with the energy difference between two available states. 
Thus,   E  N   −  E  1    = h𝜐𝜐 , being h the Planck’s constant. In Raman spectroscopy, a molecule can scat-
ter a monochromatic   ( ν  o  )   radiation. Typically, lasers with photon energies ranging from UV 
to near-IR region are used in the Raman experiments. The elastic scattering is called Rayleigh 
scattering, and it is much more intense than the inelastic Raman scattering (approximately 
10−8 lower than the intensity of the incident radiation). The Raman spectrum appears in a 
wavelength   ( λ  o  )   slightly higher or lower than the incident radiation [1–5].
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Hence, this scattering process can be visualized as a perturbation of the molecule by incident 
photon, which eigenstate can be described as the linear combination of the stationary-state (or 
time-independent) wave functions of the molecule. The pertubated states of the molecule are 
called “virtual” because they are not states from the stationary condition (eigenstates). The 
photon released when the molecule returns to electronic ground state has, more often, the 
same incident photon energy, characterizing then the Rayleigh scattering. The Raman scatter-
ing, that contents the vibrational information, can be exemplified in the energy diagram rep-
resented in Figure 1. The photon energy   ( ν  o   −  ν  m  )   appears in the region of the spectrum called 
Stokes region; in addition, the photons with energy   ( ν  o   +  ν  m  )   appear in the anti-Stokes region. 
The bands observed in anti-Stokes region are less intense than those in the Stokes region due 
to the differences in population according to the Maxwell-Boltzmann distribution, making the 
bands from Stokes region more intense than the anti-Stokes Raman region [6–8].

A vibration (vibration coordinate   ϱ )     is Raman active when the polarizability   (α)   (or induced 
dipolar momentum) of the molecule is changed; being described as:   (  ∂ α ___ ∂ ϱ  )  ≠ ∅ . Hence, as the 
nature of the Raman effect is physically different from the infrared, the selection rules are also 
different, which lead to different spectra. In fact, these two techniques are complementary, 
being used in many cases combined for structural elucidation.

Figure 1. Schematic representation of the energy diagrams for a diatomic molecule. The figure represents the IR absorption 
and the Raman scattering in off-resonance or normal condition, by using a laser line with energy is far enough to excite 
the molecule to other electronic states.

Raman Spectroscopy4

Nowadays, the Raman spectra can be collected in instruments having microscope (see Figure 2).  
The laser line is introduced to the sample on the microscope stage. In fact, more sophisticated 
microscopes can be attached in the Raman spectrograph, as STM or AFM microscopes and 
also electron microscopes [9, 10]. The scattered light is collected at 180°, and a high efficiency 
notch filter must be used to cutoff the incident radiation and also the elastic scattering because 
the Raman signal is very small (typically a cross section factor of 10−6 to 10−12 of the incident 
radiation). Raman microscopy is a nondestructive technique and usually has no requirement 
for sample preparation, and the measurements can be done in aqueous solution (not possible 
in conventional IR spectroscopy). The main advantage here is the ability to focus the laser on 
a very small part of the sample (1 μm approximately or smaller). The high lateral resolution 
and depth of field (the order of a few micrometers) are very useful, for instance, in the study 
of nanostructured materials and in situ measurements [11–15].

3. Resonance Raman

In the off-resonance or normal Raman spectroscopy, the intensities are linearly proportional 
to the intensity of the incident light (Io, see Figure 3), proportional to the fourth power of 
the wavelength of the scattered light (λs

4 or νs in wavenumber units), and proportional to 
the square of the polarizability tensor ([α]2) [6–8, 16]. However, when the laser line has simi-
lar energy to a permitted electronic transition, the Raman signal is amplified for about 105 
magnitude orders; this is what characterizes the resonance Raman effect. The theoretical 

Figure 2. Conventional Raman microscope.
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formalism developed by Albrecht et al. is commonly employed in the interpretation of the 
resonance Raman [6–8, 16].

Generally, the tensor of polarizability is described as shown in Figure 3. The equation is 
formed in the numerator part by transition dipole moment integrals between the elec-
tronic ground state (g, for the vibrational m or n states) and an excited electronic state (e, 
for any vibrational v states). The sum is done over all possible (e,v) states. In the denomi-
nator part is the difference or sum of the scattered and incident light, added by the dump-
ing factor (i Γev) that contents information about the lifetime of the transition states. This 
enormous intensification makes, in principle, the Raman spectrum easy to be acquired. 
But, in a state of resonance, a lot of radiation is absorbed, leading to a local heating and 
frequently can be observed a decomposition of the sample. Despite this problem, the RR 
spectroscopy has been largely used in the study of the different chromophore units pres-
ent in many compounds varying from conducting polymers, nanocomposites, carbon allo-
tropes to DNA [17–21].

Figure 3. Schematic representation of two electronic states (ground and excited) and their respective vibrational levels. 
The arrows indicated the possible transitions. In figure νo and νs (the scattered frequency is composed of: νev,gm and νev,gn, 
the stokes and anti-stokes components, respectively) are the laser line and the scattered frequencies. The equation that 
describes the resonance Raman scattering is formed in the numerator part by transition dipole moment integrals between 
the electronic ground state (g, for the vibrational m or n states) and an excited electronic state (e, for any vibrational v 
states). The sum is done over all possible (e,v) states. The denominator part is the difference or sum of the scattered and 
incident light, added by the dumping factor (iΓev) that contains information about the lifetime of the transition states.

Raman Spectroscopy6

4. Surface-enhanced Raman spectroscopy

The Raman signal can also be amplified by the adsorption of molecules in certain metal-
lic surfaces. This behavior was discovered in 1974 by Fleishmann, Hendra and McQuillan 
[22]. Initially, the phenomena was associated to the increase of metallic surface area during 
oxidation–reduction cycles, but soon, it was evident that the strong increase of the Raman 
signal cannot be explained only considering the changes in metallic surface [23–25]. Finally, 
this new intensification process is known as surface enhanced Raman spectroscopy (SERS), 
evidently this process can be combined to RR effect and the acronym for this behavior is 
SERRS.

There are two main mechanisms to explain the SERS effect: (1) the electromagnetic model 
and (2) the charge transfer or chemical model. In the electromagnetic model, the interactions 
among the incident electromagnetic radiations (laser lines) with the surfaces are the main 
concerns. In this model, the form, size, alignment and type of metallic substrate are the main 
characteristics to shape the absorption of the surface plasmon resonance. The enhancement 
of the local electromagnetic field promoted by surface plasmon resonances is more efficient 
in metallic regions named hot-spots (nanoscale gaps or nanoholes), and as a consequence, 
the SERS signal from molecules adsorbed in hot-spots dominates the overall detected inten-
sity [26, 27].

In the charge-transfer or chemical model, the interactions between the adsorbed molecules 
(mainly molecular orientation) with the metallic atoms involved in adsorption (atoms orga-
nization) are considered. The adsorption increases the polarizability of the molecule, which 
can be further increased by charge transfer between the adsorbed molecule and the metallic 
surface induced by the incident radiation [28, 29]. The applied electrical potential can also be 
considered in cases where the molecules are adsorbed in an electrode. The SERS technique 
permits the study of surface interactions, adsorption process, electrode reactions, biological 
systems, single molecule detection, and so on [30–33].

5. Outlook

Hence, this introduction tries to summarize the principles of main mechanisms of inten-
sification of the Raman signal. These two effects (Resonance Raman and SERS) can be 
used separately or combined in the structural studies. In addition, the attachment of 
powerful microscopes with atomic/molecular resolution can also amplify the Raman sig-
nal, and this is the case of Tip-enhanced Raman spectroscopy (TERS). As a consequence, 
this combination opens the opportunity to study the Raman signal at unparalleled spa-
tial resolution. In the present book, some examples of the state-of-the-art applications of 
Raman spectroscopy in characterization of materials and biomaterials, mainly through 
resonance Raman (RR) and surface-enhanced Raman spectroscopy (SERS) are deeply 
discussed.

Introductory Chapter: The Multiple Applications of Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.75795

7



formalism developed by Albrecht et al. is commonly employed in the interpretation of the 
resonance Raman [6–8, 16].

Generally, the tensor of polarizability is described as shown in Figure 3. The equation is 
formed in the numerator part by transition dipole moment integrals between the elec-
tronic ground state (g, for the vibrational m or n states) and an excited electronic state (e, 
for any vibrational v states). The sum is done over all possible (e,v) states. In the denomi-
nator part is the difference or sum of the scattered and incident light, added by the dump-
ing factor (i Γev) that contents information about the lifetime of the transition states. This 
enormous intensification makes, in principle, the Raman spectrum easy to be acquired. 
But, in a state of resonance, a lot of radiation is absorbed, leading to a local heating and 
frequently can be observed a decomposition of the sample. Despite this problem, the RR 
spectroscopy has been largely used in the study of the different chromophore units pres-
ent in many compounds varying from conducting polymers, nanocomposites, carbon allo-
tropes to DNA [17–21].

Figure 3. Schematic representation of two electronic states (ground and excited) and their respective vibrational levels. 
The arrows indicated the possible transitions. In figure νo and νs (the scattered frequency is composed of: νev,gm and νev,gn, 
the stokes and anti-stokes components, respectively) are the laser line and the scattered frequencies. The equation that 
describes the resonance Raman scattering is formed in the numerator part by transition dipole moment integrals between 
the electronic ground state (g, for the vibrational m or n states) and an excited electronic state (e, for any vibrational v 
states). The sum is done over all possible (e,v) states. The denominator part is the difference or sum of the scattered and 
incident light, added by the dumping factor (iΓev) that contains information about the lifetime of the transition states.

Raman Spectroscopy6

4. Surface-enhanced Raman spectroscopy

The Raman signal can also be amplified by the adsorption of molecules in certain metal-
lic surfaces. This behavior was discovered in 1974 by Fleishmann, Hendra and McQuillan 
[22]. Initially, the phenomena was associated to the increase of metallic surface area during 
oxidation–reduction cycles, but soon, it was evident that the strong increase of the Raman 
signal cannot be explained only considering the changes in metallic surface [23–25]. Finally, 
this new intensification process is known as surface enhanced Raman spectroscopy (SERS), 
evidently this process can be combined to RR effect and the acronym for this behavior is 
SERRS.

There are two main mechanisms to explain the SERS effect: (1) the electromagnetic model 
and (2) the charge transfer or chemical model. In the electromagnetic model, the interactions 
among the incident electromagnetic radiations (laser lines) with the surfaces are the main 
concerns. In this model, the form, size, alignment and type of metallic substrate are the main 
characteristics to shape the absorption of the surface plasmon resonance. The enhancement 
of the local electromagnetic field promoted by surface plasmon resonances is more efficient 
in metallic regions named hot-spots (nanoscale gaps or nanoholes), and as a consequence, 
the SERS signal from molecules adsorbed in hot-spots dominates the overall detected inten-
sity [26, 27].

In the charge-transfer or chemical model, the interactions between the adsorbed molecules 
(mainly molecular orientation) with the metallic atoms involved in adsorption (atoms orga-
nization) are considered. The adsorption increases the polarizability of the molecule, which 
can be further increased by charge transfer between the adsorbed molecule and the metallic 
surface induced by the incident radiation [28, 29]. The applied electrical potential can also be 
considered in cases where the molecules are adsorbed in an electrode. The SERS technique 
permits the study of surface interactions, adsorption process, electrode reactions, biological 
systems, single molecule detection, and so on [30–33].

5. Outlook

Hence, this introduction tries to summarize the principles of main mechanisms of inten-
sification of the Raman signal. These two effects (Resonance Raman and SERS) can be 
used separately or combined in the structural studies. In addition, the attachment of 
powerful microscopes with atomic/molecular resolution can also amplify the Raman sig-
nal, and this is the case of Tip-enhanced Raman spectroscopy (TERS). As a consequence, 
this combination opens the opportunity to study the Raman signal at unparalleled spa-
tial resolution. In the present book, some examples of the state-of-the-art applications of 
Raman spectroscopy in characterization of materials and biomaterials, mainly through 
resonance Raman (RR) and surface-enhanced Raman spectroscopy (SERS) are deeply 
discussed.

Introductory Chapter: The Multiple Applications of Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.75795

7



Author details

Gustavo M. Do Nascimento

Address all correspondence to: morari@yahoo.com; gustavo.morari@ufabc.edu.br

Federal University of ABC-CCNH, Brazil

References

[1] Nakamoto N, Ferraro JR. Introduction to Raman Spectroscopy. London: Academic 
Press, Inc.; 1994

[2] Rostron P, Gerber D. Raman Spectroscopy, a review. International Journal of Engineering 
and Technical Research. 2016;6:50-64

[3] Ospitalli F, Sabetta T, Tullini F, Nannetti MC, Di Lornardo G. The role of Raman micro-
spectroscopy in the study of black gloss coatings on roman pottery. Journal of Raman 
Spec roscopy. 2005;36:18

[4] Smith BC. Fundamentals of Fourier Transform Infrared Spectroscopy. USA: CRC Press, 
Inc.; 1996

[5] Milosevic M. Applied Spectroscopy Reviews. 2004;39:365

[6] Batchelder DN. In: Brässler H, editor. Optical Techniques to Characterize Polymer 
Systems. Amsterdam: Elsevier; 1987

[7] Batchelder DN, Bloor D. Advances in Infrared and Raman Spectroscopy. London: Wiley-
Heyden; 1984

[8] Clark JH, Dines TJ. Resonance Raman spectroscopy, and Its application to inorganic 
chemistry. New analytical methods (27). Angewandte Chemie (International Ed. in 
English). 1986;25:131

[9] Kumar N, Su W, Vesely M, Weckhuysen BM, Pollard AJ, Wain AJ. Nanoscale chemical 
imaging of solid–liquid interfaces using tip-enhanced Raman spectroscopy. Nanoscale. 
2018;10:1815

[10] Black L, Brooker A. SEM–SCA: Combined SEM – Raman spectrometer for analysis of 
OPC clinker. Advances in Applied Ceramics. 2007;106:327

[11] Do Nascimento GM, Constantino VRL, Temperini MLA. Spectroscopic characteriza-
tion of doped poly(benzidine) and its nanocomposite with cationic clay. The Journal of 
Physical Chemistry. B. 2004;108:5564

[12] Do Nascimento GM, Constantino VRL, Landers R, Temperini MLA. Aniline polymer-
ization into montmorillonite clay: A spectroscopic investigation of the intercalated con-
ducting polymer. Macromolecules. 2004;25:9373

Raman Spectroscopy8

[13] Do Nascimento GM, Temperini MLA. Structure of polyaniline formed in different inor-
ganic porous materials: A spectroscopic study. European Polymer Journal. 2008;44:3501

[14] Sestrem RH, Ferreira DC, Landers R, Temperini MLA, Do Nascimento GM. Synthesis 
and spectroscopic characterization of polymer and oligomers of ortho-phenylenedi-
amine. European Polymer Journal. 2010;46:484

[15] Do Nascimento GM, De Oliveira RC, Pradie NA, Gessolo Lins PR, Worfel PR, Martinez 
GR, Di Mascio P, Dresselhaus MS, Corio PJP, Photobio A. Single-wall carbon nano-
tubes modified with organic dyes: Synthesis, characterization and potential cytotoxic 
effects. Chemistry. 2010;211:99

[16] McHale JL. Molecular Spectroscopy. USA: Prentice-Hall; 1999

[17] Furukawa Y, Ueda F, Hydo Y, Harada I, Nakajima T, Kawagoe T. Vibrational spectra and 
structure of polyaniline. Macromolecules. 1988;21:1297

[18] Quillard S, Louarn G, Lefrant S, MacDiarmid AG. Vibrational analysis of polyaniline: A 
comparative study of leucoemeraldine, emeraldine, and pernigraniline bases. Physical 
Review B. 1994;50:12496

[19] Do Nascimento GM, Hou T, Kim YA, Muramatsu H, Hayashi T, Endo M, Akuzawa N, 
Dresselhaus MS. Double-wall carbon nanotubes doped with different Br2 doping levels: 
A resonance Raman study. Nano Letters. 2008;8:4168

[20] Do Nascimento GM, Silva TB, Corio P, Dresselhaus MS. Charge-transfer behavior of 
polyaniline single wall carbon nanotubes nanocomposites monitored by resonance 
Raman spectroscopy. Journal of Raman Specroscopy. 2010;41:1587

[21] Benevides JM, Overman SA, Thomas GJ Jr. Raman, polarized Raman and ultraviolet 
resonance Raman spectroscopy of nucleic acids and their complexes. Journal of Raman 
Specroscopy. 2005;36:279

[22] Fleischmann M, Hendra PJ, McQuillan AJ. Raman spectra of pyridine adsorbed at a 
silver electrode. Chemical Physics Letters. 1974;26:163-166

[23] Jeanmaire DL, Van Duyne RP. Surface Raman spectroelectrochemistry: Part I. Hetero-
cyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode. Journal 
of Electroanalytical Chemistry and Interfacial Electrochemistry. 1977;84:1-20

[24] Albrecht MG, Creighton JAJ. Anomalously intense Raman spectra of pyridine at a silver 
electrode. American Chemical Society. 1977;99:5215-5217

[25] Kneipp K, Wang Y, Kneipp H, Perelman LT, Itzkan I, Dasari RR, Feld MS. Single mol-
ecule detection using surface-enhanced Raman scattering (SERS). Physical Review 
Letters. 1997;78:1667-1670

[26] Corni S, Tomasi J. Surface enhanced Raman scattering from a single molecule adsorbed 
on a metal particle aggregate: A Theoretical Study. The Journal of Chemical Physics. 
2002;116:1156

Introductory Chapter: The Multiple Applications of Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.75795

9



Author details

Gustavo M. Do Nascimento

Address all correspondence to: morari@yahoo.com; gustavo.morari@ufabc.edu.br

Federal University of ABC-CCNH, Brazil

References

[1] Nakamoto N, Ferraro JR. Introduction to Raman Spectroscopy. London: Academic 
Press, Inc.; 1994

[2] Rostron P, Gerber D. Raman Spectroscopy, a review. International Journal of Engineering 
and Technical Research. 2016;6:50-64

[3] Ospitalli F, Sabetta T, Tullini F, Nannetti MC, Di Lornardo G. The role of Raman micro-
spectroscopy in the study of black gloss coatings on roman pottery. Journal of Raman 
Spec roscopy. 2005;36:18

[4] Smith BC. Fundamentals of Fourier Transform Infrared Spectroscopy. USA: CRC Press, 
Inc.; 1996

[5] Milosevic M. Applied Spectroscopy Reviews. 2004;39:365

[6] Batchelder DN. In: Brässler H, editor. Optical Techniques to Characterize Polymer 
Systems. Amsterdam: Elsevier; 1987

[7] Batchelder DN, Bloor D. Advances in Infrared and Raman Spectroscopy. London: Wiley-
Heyden; 1984

[8] Clark JH, Dines TJ. Resonance Raman spectroscopy, and Its application to inorganic 
chemistry. New analytical methods (27). Angewandte Chemie (International Ed. in 
English). 1986;25:131

[9] Kumar N, Su W, Vesely M, Weckhuysen BM, Pollard AJ, Wain AJ. Nanoscale chemical 
imaging of solid–liquid interfaces using tip-enhanced Raman spectroscopy. Nanoscale. 
2018;10:1815

[10] Black L, Brooker A. SEM–SCA: Combined SEM – Raman spectrometer for analysis of 
OPC clinker. Advances in Applied Ceramics. 2007;106:327

[11] Do Nascimento GM, Constantino VRL, Temperini MLA. Spectroscopic characteriza-
tion of doped poly(benzidine) and its nanocomposite with cationic clay. The Journal of 
Physical Chemistry. B. 2004;108:5564

[12] Do Nascimento GM, Constantino VRL, Landers R, Temperini MLA. Aniline polymer-
ization into montmorillonite clay: A spectroscopic investigation of the intercalated con-
ducting polymer. Macromolecules. 2004;25:9373

Raman Spectroscopy8

[13] Do Nascimento GM, Temperini MLA. Structure of polyaniline formed in different inor-
ganic porous materials: A spectroscopic study. European Polymer Journal. 2008;44:3501

[14] Sestrem RH, Ferreira DC, Landers R, Temperini MLA, Do Nascimento GM. Synthesis 
and spectroscopic characterization of polymer and oligomers of ortho-phenylenedi-
amine. European Polymer Journal. 2010;46:484

[15] Do Nascimento GM, De Oliveira RC, Pradie NA, Gessolo Lins PR, Worfel PR, Martinez 
GR, Di Mascio P, Dresselhaus MS, Corio PJP, Photobio A. Single-wall carbon nano-
tubes modified with organic dyes: Synthesis, characterization and potential cytotoxic 
effects. Chemistry. 2010;211:99

[16] McHale JL. Molecular Spectroscopy. USA: Prentice-Hall; 1999

[17] Furukawa Y, Ueda F, Hydo Y, Harada I, Nakajima T, Kawagoe T. Vibrational spectra and 
structure of polyaniline. Macromolecules. 1988;21:1297

[18] Quillard S, Louarn G, Lefrant S, MacDiarmid AG. Vibrational analysis of polyaniline: A 
comparative study of leucoemeraldine, emeraldine, and pernigraniline bases. Physical 
Review B. 1994;50:12496

[19] Do Nascimento GM, Hou T, Kim YA, Muramatsu H, Hayashi T, Endo M, Akuzawa N, 
Dresselhaus MS. Double-wall carbon nanotubes doped with different Br2 doping levels: 
A resonance Raman study. Nano Letters. 2008;8:4168

[20] Do Nascimento GM, Silva TB, Corio P, Dresselhaus MS. Charge-transfer behavior of 
polyaniline single wall carbon nanotubes nanocomposites monitored by resonance 
Raman spectroscopy. Journal of Raman Specroscopy. 2010;41:1587

[21] Benevides JM, Overman SA, Thomas GJ Jr. Raman, polarized Raman and ultraviolet 
resonance Raman spectroscopy of nucleic acids and their complexes. Journal of Raman 
Specroscopy. 2005;36:279

[22] Fleischmann M, Hendra PJ, McQuillan AJ. Raman spectra of pyridine adsorbed at a 
silver electrode. Chemical Physics Letters. 1974;26:163-166

[23] Jeanmaire DL, Van Duyne RP. Surface Raman spectroelectrochemistry: Part I. Hetero-
cyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode. Journal 
of Electroanalytical Chemistry and Interfacial Electrochemistry. 1977;84:1-20

[24] Albrecht MG, Creighton JAJ. Anomalously intense Raman spectra of pyridine at a silver 
electrode. American Chemical Society. 1977;99:5215-5217

[25] Kneipp K, Wang Y, Kneipp H, Perelman LT, Itzkan I, Dasari RR, Feld MS. Single mol-
ecule detection using surface-enhanced Raman scattering (SERS). Physical Review 
Letters. 1997;78:1667-1670

[26] Corni S, Tomasi J. Surface enhanced Raman scattering from a single molecule adsorbed 
on a metal particle aggregate: A Theoretical Study. The Journal of Chemical Physics. 
2002;116:1156

Introductory Chapter: The Multiple Applications of Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.75795

9



[27] Schatz GC, Young MA, Van Duyne RP. Electromagnetic mechanism of SERS. Topics in 
Applied Physics. 2006;103:19-46

[28] Huang Y-F, Wu D-Y, Zhu H-P, Zhao L-B, Liu G-K, Ren B, Tian Z-Q. Surface-enhanced 
Raman spectroscopic study of p-aminothiophenol. Physical Chemistry Chemical Physics. 
2012;14:8485-8497

[29] Lombardi JR, Birke RLAJ. A unified approach to surface-enhanced Raman spectroscopy. 
Physical Chemistry C. 2008;112:5605-5617

[30] Cotton TM, Kim JH, Chumanov GD. Application of surface-enhanced Raman spectros-
copy to biological systems. Journal of Raman Specroscopy. 1991;22:729

[31] Pettinger B, Wetzel H. Surface-enhanced Raman scattering from crystal violet adsorbed 
on a silver electrode. Chemical Physics Letters. 1981;78:398

[32] Campion A, Kambhampati P. Surface-enhanced Raman scattering. Chemical Society 
Reviews. 1998;27:241

[33] Nie S, Emory SR. Probing single molecules and single nanoparticles by surface-enhanced 
Raman scattering. Science. 1997;275:1102

Raman Spectroscopy10

Section 2

Surface Enhanced Raman Spectroscopy:
Nanosubstrates and Applications



[27] Schatz GC, Young MA, Van Duyne RP. Electromagnetic mechanism of SERS. Topics in 
Applied Physics. 2006;103:19-46

[28] Huang Y-F, Wu D-Y, Zhu H-P, Zhao L-B, Liu G-K, Ren B, Tian Z-Q. Surface-enhanced 
Raman spectroscopic study of p-aminothiophenol. Physical Chemistry Chemical Physics. 
2012;14:8485-8497

[29] Lombardi JR, Birke RLAJ. A unified approach to surface-enhanced Raman spectroscopy. 
Physical Chemistry C. 2008;112:5605-5617

[30] Cotton TM, Kim JH, Chumanov GD. Application of surface-enhanced Raman spectros-
copy to biological systems. Journal of Raman Specroscopy. 1991;22:729

[31] Pettinger B, Wetzel H. Surface-enhanced Raman scattering from crystal violet adsorbed 
on a silver electrode. Chemical Physics Letters. 1981;78:398

[32] Campion A, Kambhampati P. Surface-enhanced Raman scattering. Chemical Society 
Reviews. 1998;27:241

[33] Nie S, Emory SR. Probing single molecules and single nanoparticles by surface-enhanced 
Raman scattering. Science. 1997;275:1102

Raman Spectroscopy10

Section 2

Surface Enhanced Raman Spectroscopy:
Nanosubstrates and Applications



Chapter 2

Engineering 3D Multi-Branched Nanostructures for
Ultra-Sensing Applications

Anisha Chirumamilla, Manohar Chirumamilla,
Alexander S. Roberts, Andrea Cerea, Esben Skovsen,
Francesco De Angelis, Remo Proietti Zaccaria,
Peter Kjær Kristensen, Roman Krahne,
Duncan S. Sutherland, Sergey I. Bozhevolnyi,
Kjeld Pedersen and Andrea Toma

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74066

Provisional chapter

DOI: 10.5772/intechopen.74066

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Engineering 3D Multi-Branched Nanostructures for 
Ultra-Sensing Applications

Anisha Chirumamilla, Manohar Chirumamilla, 
Alexander S. Roberts, Andrea Cerea, 
Esben Skovsen, Francesco De Angelis,  
Remo Proietti Zaccaria, Peter Kjær Kristensen, 
Roman Krahne, Duncan S. Sutherland,  
Sergey I. Bozhevolnyi, Kjeld Pedersen  
and Andrea Toma

Additional information is available at the end of the chapter

Abstract

The fabrication of plasmonic nanostructures with sub-10 nm gaps supporting extremely large 
electric field enhancement (hot-spot) has attained great interest over the past years, especially 
in ultra-sensing applications. The “hot-spot” concept has been successfully implemented in 
surface-enhanced Raman spectroscopy (SERS) through the extensive exploitation of localized 
surface plasmon resonances. However, the detection of analyte molecules at ultra-low con-
centrations, i.e., down to the single/few molecule level, still remains an open challenge due 
to the poor localization of analyte molecules onto the hot-spot region. On the other hand, 
three-dimensional nanostructures with multiple branches have been recently introduced, 
demonstrating breakthrough performances in hot-spot-mediated ultra-sensitive detection. 
Multi-branched nanostructures support high hot-spot densities with large electromagnetic 
(EM) fields at the interparticle separations and sharp edges, and exhibit excellent uniformity 
and morphological homogeneity, thus allowing for unprecedented reproducibility in the 
SERS signals. 3D multi-branched nanostructures with various configurations are engineered 
for high hot-spot density SERS substrates, showing an enhancement factor of 1011 with a low 
detection limit of 1 fM. In this view, multi-branched nanostructures assume enormous impor-
tance in analyte detection at ultra-low concentrations, where the superior hot-spot density can 
promote the identification of probe molecules with increased contrast and spatial resolution.
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1. Introduction

Nanoplasmonics is an emerging area of scientific research with a variety of applications in 
spectroscopy, metamaterials engineering, biosensing, lasing, photocatalysis, nonlinear and 
quantum optics [1–8]. This discipline deals with the study of collective oscillations of con-
duction electrons at metal-dielectric interfaces, which can be resonantly excited upon exter-
nal irradiation. Coupling of electromagnetic (EM) fields to the free-electron motion leads to 
enhanced optical near fields, confined in subwavelength regions and localized in close prox-
imity of metallic nanoparticles (localized surface plasmon resonances—LSPRs), which are 
very sensitive to the local dielectric environment [9, 10]. Within this context, nanostructures 
endowed with sharp tips/edges and sub-10 nm interparticle separation (IPS) are ideal can-
didates for nanoscale manipulation of optical energy, promoting nanofocusing of EM radia-
tion into hot-spots [11–15]. In recent years, a great variety of nanostructure geometries, for 
instance, nanospheres, nanocubes, nanocones, nanoantennas, nanoaggregates and nanostars, 
have been fabricated by bottom-up and top-down approaches [16–24], in order to engineer 
their plasmonic resonances and increase the field enhancement and hot-spot densities. Control 
over nanostructure morphology shows promising applications in bio/chemical sensing using 
the synergistic combination of LSPR and surface-enhanced Raman spectroscopy (SERS) as 
detection paradigm [9, 25–26].

As shown in Figure 1, the interaction of the incident light with a plasmonic nanostructure 
can promote resonant oscillation of the free electron cloud, which, for particles smaller than 
the exciting wavelength, can give rise to standing waves, i.e., to LSPRs. Noble metals, such 
as gold, silver and copper, are the best candidates for supporting plasmon activity, due to 
their low electron losses, high carrier densities and high field amplitudes on the particle 
surface. The nanostructure morphology (size, shape and arrangement) together with the 
surrounding dielectric environment plays a key role in the excitation of plasmonic reso-
nances [10]. In LSPR-based sensing devices, the analytes adsorbed on the nanostructure 

Figure 1. Schematic representation of the localized surface plasmon resonance on a metal particle.
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surface influence the surrounding dielectric medium, thus resulting in an effective refractive 
index change and subsequent resonance shift. Although this technique is very powerful for 
molecule detection, it lacks analyte specificity, and it suffers from reduced efficiency at very 
small concentrations.

On the contrary, SERS enables the detection of biological and chemical analytes with high 
specificity and sensitivity even at ultra-low concentrations, exploiting the electromagnetic 
enhancement offered by plasmonic nanostructures [3, 27–32]. The huge enhancement typical 
of SERS substrates is mainly based on chemical and electromagnetic phenomena. In chemi-
cal enhancement [33], the charge transfer between electronic energy levels of the metal and 
the adsorbed molecules increases the Raman scattering cross-section up to a factor of 102. 
The electromagnetic contribution, instead, is crucially depending on the near-field intensity 
associated with the nanostructure plasmonic activity. In SERS detection, the intrinsically 
weak Raman signals can be enhanced by many orders of magnitude (a factor of 108 has been 
observed in [34, 35]), due to the interaction between the adsorbed molecules and the elec-
tromagnetic near-fields. In this respect, nanostructures featuring closely spaced gaps and/or 
sharp protrusions are of great interest in detecting analytes at ultra-low concentration [8, 36, 
37]. However, the tiny availability of molecules at the single/few entities limit can dramati-
cally reduce the effectiveness of a plasmon-based sensitive device. It is therefore imperative 
for overcoming this practical limitation to design and engineer nanostructure architectures 
with sufficiently high hot-spot densities. Figure 2 shows the local EM field mapping on a 
multi-branched (MB) nanoparticle using electron energy loss spectroscopy: strong near-field 
intensities are clearly promoted and well-confined by the sharp apexes. In view of that, nano-
structures with different layouts, multiple branches and single-digit IPS will be studied in the 
present work.

Various nanofabrication methods, applying both bottom-up and top-down approaches, 
have been used to fabricate SERS-based platforms for sensing applications [38–46]. Among 
them, colloidal techniques provide a wide variety of nanoparticles with sharp protrusions, 
although they are still suffering for poor control over uniformity and arrangement [35]. The 
positioning of the analyte molecule in the vicinity of the hot-spot is critical for improving 
the SERS enhancement factor and hence the detection limit. Due to the lack of reproducible 

Figure 2. (a) Scanning transmission electron microscopy dark-field image of an individual gold nanostar. (b and c) 
Electron energy loss spectroscopy intensity mapping and the calculated intensity map of the plasmon resonances around 
a nanostar apex, respectively. Reprinted with permission from [35]. Copyright (2009) American Chemical Society.
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SERS  signals and homogeneity of the structures, alternative fabrication methods are needed. 
In this context, lithographic techniques can overcome these limitations, thus providing a fea-
sible strategy towards the realization of uniformly patterned nanostructures over large areas. 
In the present chapter, fabrication and characterization of three-dimensional (3D) multi-
branched plasmonic architectures realized by means of electron-beam lithography (EBL) and 
reactive ion etching (RIE) techniques will be investigated. Numerical calculations, Raman and 
optical characterization will be used for demonstrating outstanding performances in analyte 
detection at ultra-low concentrations.

2. Experimental techniques

2.1. Fabrication of multi-branched nanostructures

Figure 3a–c shows the fabrication protocol of typical six-branched nanostructures with 2D 
and 3D layout (without and with perforated metal (PM) topologies). A combination of elec-
tron beam lithography (EBL, Raith 150-Two), and reactive ion etching (RIE, SENTECH) has 
been successfully employed for the uniform production of 3D and 3D PM nano-architectures. 
As highlighted in Figure 3a planar and 3D nanostructures share a common EBL step. A 
250 nm polymethyl-methacrylate (PMMA, 950 kDa) layer was spin coated at 3000 rpm for 
60 s onto a p-type c-Si (100) wafer. The substrate has been heated at 180 °C for 9 min to get 
a homogenous PMMA film. After e-beam exposure (electron energy 30 keV and beam cur-
rent 130 pA), the substrate has been developed in a 3:1 mixture of isopropanol and methyl 
isobutyl ketone at 4 °C for 3 min. For 2D structures, 3 nm Ti and 18 nm Au were deposited, 
and the unexposed PMMA removed by ultrasonically assisted lift-off in acetone. In the case 
of 3D multi-branched nanostar (MBNS) structures (Figure 3b), a 20 nm chromium layer was 
deposited on top of 3 nm Ti and 18 nm Au to act as an etch mask. The excess metal was 
removed using an ultrasonically assisted lift-off process. Thereafter, substrates were reactive-
ion etched (with an etch rate of ≈100 nm min−1) in an atmosphere of SF6 (30 Standard Cubic 
Centimeters per Minute—SCCM) and C4F8 (32 SCCM) at 1 mTorr, where temperature, power 
and etching time were held at 4°C, 18 W and 25 s, respectively. After the RIE procedure, 
the chromium layer was removed by wet-etching in a ceric ammonium nitrate-based mix-
ture (Sigma-Aldrich). 3D PM structures (Figure 3c) were obtained by depositing 20 nm of 
chromium after developing the PMMA. Excess chromium has been removed in acetone lift-
off, leaving behind multi-branched shape chromium patterns on silicon, serving as etching 
masks. RIE was employed to produce the underlying pedestals. Subsequently, the chromium 
mask was removed leaving behind silicon stars on silicon posts. 3 nm Ti and 18 nm Au were 
evaporated at a deposition rate of 0.3 Å/s in order to form the Au MBNS as well as the perfo-
rated film on the underlying substrate.

2.2. Numerical calculations

Finite integration technique FIT (computer simulation technology-microwave, CST-MW) was 
used to calculate the near-field properties of the MBNS structures while rigorous coupled 
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wave analysis (Synopsys’ Optical Solutions, RSoft) was employed to calculate the far-field 
response of the nanostructures.

2.3. Optical characterization

The spectral response of the MB nanostructures under normal incidence irradiation was 
measured using an Olympus IX-73 research microscope. A 100 W halogen lamp (Olympus) 

Figure 3. (a–c) Schematic illustration of the protocol, for the fabrication procedure of six-branched nanostructure with 
different topologies. The corresponding SEM images for six-branched nanostructures are shown below. Reprinted with 
permission from reference [6]. Copyright 2017 John Wiley and Sons.
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with a broadband illumination source in the visible and near-infrared spectral range has 
been used. The linearly polarized light was obtained by a Glan-Taylor polarizer. Reflection 
spectra were measured with a 50× objective of numerical aperture 0.5. The collected light 
has been acquired through a spectrometer with a Peltier-cooled charge-coupled-device 
from Ocean Optics (QE65000 and NIRquest512 for visible and near-infrared measurements, 
respectively).

2.4. Surface-enhanced Raman spectroscopy

SERS spectra were recorded with a Renishaw inVia micro-Raman spectrometer equipped 
with laser excitations at 830, 785, 633 and 532 nm, and a thermo-electrically cooled charge-
coupled device (CCD) as detector. A 150× LEICA HCX PL APO objective (numerical aperture 
0.95) was used. The diameter of the laser spot was around 680 nm, 800 nm, 1 μm and 1.07 μm 
for excitation wavelengths at 532, 633, 785 and 830 nm, respectively. The first order silicon 
peak at 520 cm−1 was used to calibrate the instrument; all the spectra were recorded at room 
temperature in the backscattering geometry. Wire 3.0 software was used to correct the base-
line with a third-order polynomial fit. The probe molecules, p-aminothiophenol (p-MA) used 
in this study, were purchased from Sigma-Aldrich.

2.5. Analyte preparation

A stock solution of p-MA at 1 × 10−3 M concentration was prepared by dissolving the solid 
analyte into ethanol. Afterward, 1 × 10−6 M to 1 × 10−15 M solutions were prepared by further 
dilution. Molecules were deposited onto the substrate by chemisorption process. The samples 
were dipped for 20 min and then rinsed in ethanol in order to remove the excess molecules 
that were not covalently bounded to the metallic surface. Finally, the substrates were dried 
with nitrogen gas.

3. Results and discussion: engineering 3D MBNS structures

Raman efficiency and SERS signal intensity have been systematically investigated in differ-
ent plasmonic platforms, elucidating the effect of substrate, IPS, polarization, metal composi-
tion, number of branches and geometrical arrangement, on EM near-field localization and 
enhancement.

3.1. Effect of geometry, IPS and polarization on SERS enhancement

The effect of 2D and 3D geometry on electric field and SERS enhancements was initially 
studied using five-branched nanostructure dimers with sub-10 nm IPS as a test-bench. 
Figure 4a shows the schematic presentation of the five-branched 3D PM dimer struc-
ture, where L = 150 nm, h = 150 nm, Bw = 50 nm and PD = 40 nm denote star size, height, 
branch width and Si pillar diameter, respectively. The effect of nanostructure height on E-field 
enhancement is shown in Figure 4b–d, where the structure size and IPS were kept constant 
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for all the samples. A low E-field enhancement (E/E0, where E and E0 are the local and the 
incident electric fields) is observed for the MB nanostructures directly laid on the bulk Si 
substrate (for h = 0 nm), owing to the strong overlapping of the local fields within the high 
refractive index Si material. For h = 60 nm, a 6× improvement of local E-field enhancement 
compared to the 2D structure is observed due to the reduction of the overlap between local 
E-fields and Si substrate (Figure 4b). At h = 150 nm (Figure 4c), the local E-field enhance-
ment is 15× that of the corresponding nanostructure with “planar” geometry. Thereafter, 
a slight reduction is observed with a further increase of h. The role of IPS on E-field 
enhancement is investigated (Figure 4e) with nanostructures of fixed L, h and different 
IPS ranging from 2 to 250 nm. For IPS of around 2 nm, an E-field enhancement of 85 is 
observed, and it decreases exponentially with increasing interparticle distances. The large 
E-fields at low IPS are due to the strong interaction of the LSPRs supported by the nano-
structures, thus resulting in the strong localization of intense E-fields (hot-spots). Figure 4f  
shows the SEM images of the nanostructures with 6–200 nm IPS, top-down, respectively.

In order to evaluate the effect of height and IPS experimentally, SERS measurements were per-
formed with p-MA molecules chemisorbed from a solution at 10 μM concentration, Figure 5.  
The incident laser wavelength, power and acquisition time were set to 830 nm, 1.4 mW and 
10 s, respectively. The incident light polarization was kept parallel to the IPS axis. Figure 5a 
shows the SERS spectrum of p-MA molecules on five-branched nanostructure dimers with 
150 nm height and 6 nm IPS. Prominent modes of p-MA were clearly visible: strong bands 

Figure 4. (a) Schematic representation of five-branched 3D PM nanostructure dimer with 150 nm structure size and 6 nm 
IPS. (b and c) E-field distribution of the nanostructures at h = 60 and 150 nm, respectively. The excitation source is set to 
830 nm. Calculated E-field enhancement with respect to nanostructure height (d), and as a function of IPS (e). (f) Normal-
incidence SEM images of five-branched 3D PM nanostructure dimer with IPS varying from 6 to 200 nm (top to down, 
respectively). Reprinted with permission from reference [36]. Copyright 2014 John Wiley and Sons.
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tion, number of branches and geometrical arrangement, on EM near-field localization and 
enhancement.

3.1. Effect of geometry, IPS and polarization on SERS enhancement
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studied using five-branched nanostructure dimers with sub-10 nm IPS as a test-bench. 
Figure 4a shows the schematic presentation of the five-branched 3D PM dimer struc-
ture, where L = 150 nm, h = 150 nm, Bw = 50 nm and PD = 40 nm denote star size, height, 
branch width and Si pillar diameter, respectively. The effect of nanostructure height on E-field 
enhancement is shown in Figure 4b–d, where the structure size and IPS were kept constant 
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for all the samples. A low E-field enhancement (E/E0, where E and E0 are the local and the 
incident electric fields) is observed for the MB nanostructures directly laid on the bulk Si 
substrate (for h = 0 nm), owing to the strong overlapping of the local fields within the high 
refractive index Si material. For h = 60 nm, a 6× improvement of local E-field enhancement 
compared to the 2D structure is observed due to the reduction of the overlap between local 
E-fields and Si substrate (Figure 4b). At h = 150 nm (Figure 4c), the local E-field enhance-
ment is 15× that of the corresponding nanostructure with “planar” geometry. Thereafter, 
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enhancement is investigated (Figure 4e) with nanostructures of fixed L, h and different 
IPS ranging from 2 to 250 nm. For IPS of around 2 nm, an E-field enhancement of 85 is 
observed, and it decreases exponentially with increasing interparticle distances. The large 
E-fields at low IPS are due to the strong interaction of the LSPRs supported by the nano-
structures, thus resulting in the strong localization of intense E-fields (hot-spots). Figure 4f  
shows the SEM images of the nanostructures with 6–200 nm IPS, top-down, respectively.

In order to evaluate the effect of height and IPS experimentally, SERS measurements were per-
formed with p-MA molecules chemisorbed from a solution at 10 μM concentration, Figure 5.  
The incident laser wavelength, power and acquisition time were set to 830 nm, 1.4 mW and 
10 s, respectively. The incident light polarization was kept parallel to the IPS axis. Figure 5a 
shows the SERS spectrum of p-MA molecules on five-branched nanostructure dimers with 
150 nm height and 6 nm IPS. Prominent modes of p-MA were clearly visible: strong bands 

Figure 4. (a) Schematic representation of five-branched 3D PM nanostructure dimer with 150 nm structure size and 6 nm 
IPS. (b and c) E-field distribution of the nanostructures at h = 60 and 150 nm, respectively. The excitation source is set to 
830 nm. Calculated E-field enhancement with respect to nanostructure height (d), and as a function of IPS (e). (f) Normal-
incidence SEM images of five-branched 3D PM nanostructure dimer with IPS varying from 6 to 200 nm (top to down, 
respectively). Reprinted with permission from reference [36]. Copyright 2014 John Wiley and Sons.
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are centered at 1077 and 1590 cm−1 while low-intense bands correspond to 1140, 1179, 1390 
and 1438 cm−1 [6, 8]. Polarization-dependent SERS signal enhancement of MB nanostructures 
is shown in Figure 5a and b, where the polarization was set parallel and perpendicular to IPS 
axis, respectively. Insets represent the calculated surface-charge distributions in correspon-
dence of the IPS region. A dipolar-like distribution of surface charges was observed when 
the incident light is parallel to the IPS axis (inset of Figure 5a). The in-phase dipole moments 
generate an intense E-field (hot-spot) in the IPS region due to the strong coupling of the sub-
10 nm gapped nanostructures. In the case of perpendicular polarization (inset of Figure 5b), 
the effective dipoles are aligned across the interparticle nanocavity leaving a low-intensity 
local E-field in the IPS region. The corresponding SERS spectra (Figure 5a and b) discriminate 
the polarization-induced SERS signal intensities with a factor of 15. The C-S stretching mode 
located at 1077 cm−1 was used to calculate the SERS enhancement factor. Figure 5c displays 
the SERS intensity dependence on nanostructure height of the specific strong band located at 
1077 cm−1, showing an exponential-like growth. The inset confirms the high signal-to-noise 
(SNR) ratio of the 3D PM structures compared to the planar case, for h = 0 (blue spectrum) 
and h = 150 nm (red spectrum), respectively. The impact of IPS on SERS signal enhancement 

Figure 5. (a and b) Typical SERS spectra of p-MA molecules (chemisorbed at 10 μM concentration) on five-branched 
3D PM nanostructure dimer with 6 nm IPS. The excited polarization is set parallel (a) and perpendicular (b) to IPS axis. 
The corresponding calculated surface-charge distribution is represented by direction arrows, shown in the inset. (c) 
Experimental SERS signal intensity at 1077 cm−1 as a function of nanostructure height, where the IPS is fixed at 6 nm. 
The inset shows the SERS spectra of five-branched nanostructures at h = 0 (blue spectrum) and 150 nm (red spectrum). 
(d) Variation of the SERS signal intensity with respect to IPS with constant h at 150 nm. Reprinted with permission from 
Ref. [36]. Copyright 2014 John Wiley and Sons.
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is shown in Figure 5d. An exponential increment in the SERS intensity (around 50×) has been 
observed upon reduction of the IPS from 200 nm to 6 nm. The experimental findings, i.e., 
SERS signal dependence on nanostructure height and interparticle separation, are in good 
agreement with the numerical calculations reported in Figure 4d and e.

3.2. Effect of bimetal layer, and recycling of SERS substrates

To evaluate the impact of the metal layer composition on SERS signal enhancement, five-
branched nanostructure dimers in a ring structure with Au, Ag and AgAu metal layers were 
investigated. The schematic representation of the AgAu architecture is presented in Figure 6a,  
while SEM images of the corresponding structure are reported in Figure 6b–d. The near-field 
distribution of Au and AgAu nanostructures has been summarized in Figure 7a–d. Due to 

Figure 6. (a) Schematic representation of five-branched 3D PM nanostructure dimer. (b) Normal-incidence SEM image of 
the nanostructures over a large area. (c and d) Top and tilted view images of individual nanostructures. Reprinted with 
permission from Ref. [8]. Copyright 2014 American Chemical Society.
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is shown in Figure 5d. An exponential increment in the SERS intensity (around 50×) has been 
observed upon reduction of the IPS from 200 nm to 6 nm. The experimental findings, i.e., 
SERS signal dependence on nanostructure height and interparticle separation, are in good 
agreement with the numerical calculations reported in Figure 4d and e.

3.2. Effect of bimetal layer, and recycling of SERS substrates

To evaluate the impact of the metal layer composition on SERS signal enhancement, five-
branched nanostructure dimers in a ring structure with Au, Ag and AgAu metal layers were 
investigated. The schematic representation of the AgAu architecture is presented in Figure 6a,  
while SEM images of the corresponding structure are reported in Figure 6b–d. The near-field 
distribution of Au and AgAu nanostructures has been summarized in Figure 7a–d. Due to 

Figure 6. (a) Schematic representation of five-branched 3D PM nanostructure dimer. (b) Normal-incidence SEM image of 
the nanostructures over a large area. (c and d) Top and tilted view images of individual nanostructures. Reprinted with 
permission from Ref. [8]. Copyright 2014 American Chemical Society.
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the strong plasmon resonance of Ag, bimetallic AgAu configurations are endowed with a 4 
times higher EM field enhancement. The effect of the nanoring on the MB dimer is shown 
in Figure 7c and d. The scattered light is reflected back towards the ring centre where the 
nanostructures are placed, hence increasing the EM field enhancement in the IPS region by a 
factor 1.65. Figure 7e shows the typical Raman spectrum of p-MA (10 μM concentration) on 
AgAu five-branched dimers in the ring structure with an IPS of 5 nm. The polarization of the 
incident light was fixed parallel to the IPS axis. Characteristic Raman bands of p-MA can be 
clearly observed in the acquired spectrum. The impact of metal layer composition on SERS 
signal enhancement is plotted for the band located at 1077 cm−1 (Figure 7f), using 20 nm IPS 
MB dimer structures with 20 nm Au, 20/20 nm Ag/Au and 20 nm Ag metal layers.

The 3D nanostructure configuration presented so far allows recycling, long-term stability and 
reutilization of the SERS substrate, thus reducing fabrication costs. Figure 8a shows the regen-
eration protocol for the present architecture. However, as clearly highlighted by the cleaning 
steps, the process is fully compatible with any kind of 3D plasmonic configuration. In 3D 
geometry, the nanostructure morphology is conserved by the underlying Si template, while 
the plasmon active layer is simply recovered by a mask-less wet etching process, followed by 
metal redeposition. The chemisorbed analyte molecules used for SERS measurements will be 
completely removed together with the pre-existent metal layer, thus allowing employment 
of different molecular species after recycling. In order to test the effectiveness of the regen-
eration process, we have recycled the AgAu nanostructures up to five times (Figure 8b) and 
investigated their SERS response. The corresponding SEM images are shown in the top panel. 

Figure 7. E-field distribution of five-branched 3D PM nanostructure dimer with Au (a) and AgAu (b) metal layers, in 
the x–y plane. (c and d) E-field distribution of five-branched 3D PM nanostructure dimer in a ring structure with AgAu 
metal layers. Reprinted with permission from reference [8]. Copyright 2014 American Chemical Society. (e) Typical SERS 
spectrum of p-MA molecule (at 10 μM concentration) on five-branched 3D PM nanostructure dimer in the ring structure. 
The exciting laser source, power and accumulation time were set to 830 nm, 1.4 mW and 15 s, respectively. The incident 
light polarization was set parallel to IPS axis. (f) SERS signal intensity at 1077 cm−1 as a function of metal layer compositions.
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The SERS signal intensity of the C─S stretching band of p-MA measured after each regenera-
tion cycle is reported in Figure 8b. A good correspondence between different recycling steps 
is clearly observed, showing an average SERS signal deviation below 10%.

3.3. Effect of branch number, perforated metal layer and overall nanostructure 
arrangement

So far, we have engineered the five-branched nanostructure dimers to improve the hot-spot 
intensity as a function of nanostructure height, IPS, incoming light polarization and metal 
composition. Nevertheless, at very low concentrations (down to the femtomolar scale), the 
number of molecules available per hot-spot is decreased, and thus it is necessary to endow the 
nanostructures with high hot-spot densities in order to improve their detection limit. In view 
of that, single plasmonic nanostructures with multiple branches (4–10) and sharp protrusions 
(tip radius < 10 nm) were investigated.

The schematic representation of a typical eight-branched bimetallic AgAu nanostructure with 
3D PM geometry and 200 nm IPS is shown in Figure 9a. Nanostructures with 4–10 branches, 
20 nm Ag and 20 nm Au metal layers, 140 nm width, 150 nm high and tip radius of 10 nm 
were used to investigate the effect of hot-spot density on SERS signal enhancement. Normal-
incidence SEM image of eight-branched MB nanostructure is shown in Figure 9b, where the 
inset depicts a 54° tilted view. Besides, normal-incidence SEM images of individual MB struc-
tures with 4–10 branches are reported in the bottom panel of Figure 9b. A typical reflection spec-
trum of eight-branched 3D PM nanostructures is shown in Figure 9c, where multiple plasmonic 
resonances are clearly observable. To evaluate the effect of branch number on the LSPRs and 
hot-spot generation, far-field optical spectra and near-field distribution were calculated using 
RSoft and CST-MW numerical approaches. Distribution of E-field enhancement (E/E0) for 4–10 
branched 2D nanostructures at their respective LSPRs is shown in Figure 10a–g. The corre-
sponding data points are shown in Figure 10h, along with their experimental counterparts. The 
incident polarization is set parallel to the x-axis. In the case of 4 branched nanostructures, two 

Figure 8. (a) Schematic representation of the maskless recycling process. (b) SERS signal intensity of p-Ma at 1077 cm−1 
vs. number of regeneration cycles and corresponding SEM images at each recycling step in the top panel. Reprinted with 
permission from Ref. [8]. Copyright 2014 American Chemical Society.
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the strong plasmon resonance of Ag, bimetallic AgAu configurations are endowed with a 4 
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in Figure 7c and d. The scattered light is reflected back towards the ring centre where the 
nanostructures are placed, hence increasing the EM field enhancement in the IPS region by a 
factor 1.65. Figure 7e shows the typical Raman spectrum of p-MA (10 μM concentration) on 
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clearly observed in the acquired spectrum. The impact of metal layer composition on SERS 
signal enhancement is plotted for the band located at 1077 cm−1 (Figure 7f), using 20 nm IPS 
MB dimer structures with 20 nm Au, 20/20 nm Ag/Au and 20 nm Ag metal layers.
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steps, the process is fully compatible with any kind of 3D plasmonic configuration. In 3D 
geometry, the nanostructure morphology is conserved by the underlying Si template, while 
the plasmon active layer is simply recovered by a mask-less wet etching process, followed by 
metal redeposition. The chemisorbed analyte molecules used for SERS measurements will be 
completely removed together with the pre-existent metal layer, thus allowing employment 
of different molecular species after recycling. In order to test the effectiveness of the regen-
eration process, we have recycled the AgAu nanostructures up to five times (Figure 8b) and 
investigated their SERS response. The corresponding SEM images are shown in the top panel. 
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The SERS signal intensity of the C─S stretching band of p-MA measured after each regenera-
tion cycle is reported in Figure 8b. A good correspondence between different recycling steps 
is clearly observed, showing an average SERS signal deviation below 10%.

3.3. Effect of branch number, perforated metal layer and overall nanostructure 
arrangement

So far, we have engineered the five-branched nanostructure dimers to improve the hot-spot 
intensity as a function of nanostructure height, IPS, incoming light polarization and metal 
composition. Nevertheless, at very low concentrations (down to the femtomolar scale), the 
number of molecules available per hot-spot is decreased, and thus it is necessary to endow the 
nanostructures with high hot-spot densities in order to improve their detection limit. In view 
of that, single plasmonic nanostructures with multiple branches (4–10) and sharp protrusions 
(tip radius < 10 nm) were investigated.

The schematic representation of a typical eight-branched bimetallic AgAu nanostructure with 
3D PM geometry and 200 nm IPS is shown in Figure 9a. Nanostructures with 4–10 branches, 
20 nm Ag and 20 nm Au metal layers, 140 nm width, 150 nm high and tip radius of 10 nm 
were used to investigate the effect of hot-spot density on SERS signal enhancement. Normal-
incidence SEM image of eight-branched MB nanostructure is shown in Figure 9b, where the 
inset depicts a 54° tilted view. Besides, normal-incidence SEM images of individual MB struc-
tures with 4–10 branches are reported in the bottom panel of Figure 9b. A typical reflection spec-
trum of eight-branched 3D PM nanostructures is shown in Figure 9c, where multiple plasmonic 
resonances are clearly observable. To evaluate the effect of branch number on the LSPRs and 
hot-spot generation, far-field optical spectra and near-field distribution were calculated using 
RSoft and CST-MW numerical approaches. Distribution of E-field enhancement (E/E0) for 4–10 
branched 2D nanostructures at their respective LSPRs is shown in Figure 10a–g. The corre-
sponding data points are shown in Figure 10h, along with their experimental counterparts. The 
incident polarization is set parallel to the x-axis. In the case of 4 branched nanostructures, two 

Figure 8. (a) Schematic representation of the maskless recycling process. (b) SERS signal intensity of p-Ma at 1077 cm−1 
vs. number of regeneration cycles and corresponding SEM images at each recycling step in the top panel. Reprinted with 
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hot-spots are observed parallel to the incident light polarization direction. The hot-spots density 
increases according to the number of branches, inducing a clear blue shift in LSPR spectral posi-
tion (Figure 10h). This behaviour can be explained using a simple dipole theory. An increasing 
hot-spot density, that goes along with the number of branches, results in a higher total restoring 
force which blue shifts the nanostructure LSPR. Tailoring of the branch morphology enables 
precise control over the generation and spatial distribution of the hot-spots on the single nano-
structure, thus opening new perspectives in reproducible SERS signal detection from large bio-
molecules, where the analyte size is many times larger than the individual hot-spot volume.

The influence of 2D, 3D and 3D PM geometries on the optical response and SERS enhancement 
was experimentally validated, as reported in Figures 11 and 12, respectively. Numerically calcu-
lated reflectance spectra of the eight-branched nanostructures with 2D, 3D and 3D PM topolo-
gies (see schematics in Figure 11b–d) are shown in Figure 11a. The corresponding experimental 
spectra are summarized in Figure 11e. In both cases, the optical spectra are normalized with 
respect to the flat/unpatterned area of the same sample. The experimental spectra show good cor-
relation with their numerical counterparts. The E-field distribution of the nanostructures at their 
LSPR position is shown in Figure 11f–h. In the 2D case, near-field distribution maps (Figure 11f)  
clearly show the E-field confinement at the metal and bulk silicon interface. Due to the overlap 
of the E-field profiles into the bulk silicon a low-intense E-field enhancement (around 20) is 
observed. In general, surface plasmon resonances are tightly confined in high refractive index 
materials (e.g. silicon), which results in low E-field enhancement, low extinction-cross section, 
large propagation losses, broadening and red shifting of resonances compared to low-index 
materials [47]. As highlighted in the previous sections, 3D nanostructures decouple the hot-spot 
confinement from the substrate and enhance its strength by reducing the effective refractive 

Figure 9. (a) Schematic of bimetallic 3D PM nanostructure for eight-branched nanostructure geometry. (b) Normal incidence 
SEM image of 3D MB nanostructures with eight-branches arranged in a quadratic array of 200 nm IPS. The inset represents the 
54° tilted view of the MBNS with 150 nm silicon pillar height. The bottom panel shows SEM images of MBNS with 4–10 branches, 
where each micrograph shares the same scale bar. (c) A typical reflection spectrum of eight-branched 3D PM nanostructure. (d) 
Electric field distribution of eight-branched 3D PM nanostructure at its characteristic LSPR position of 685 nm.
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index of the embedding medium. The reflectance spectrum of the 3D nanostructure (Figure 11a) 
shows a significant blue shift of LSPR (around 485 nm), with a resonance maximum at around 
680 nm. Figure 11g clearly shows that the generated E-fields (with an enhancement of around 
80) are decoupled from the substrate by means of a dielectric nanopedestal. These strong E-field 

Figure 10. (a–g) E-field distribution of 2D nanostructures with varying branch number (4–10). (h) Corresponding LSPR 
positions for experimental and calculated data points. Reprinted with permission from Ref. [6]. Copyright 2017 John 
Wiley & Sons.

Figure 11. (a) Experimental reflectance spectra of eight-branched nanostructures with 2D, 3D and 3D PM geometries. (b–d) 
Schematic representations of the structure geometries simulated in (a). (e) Experimentally measured reflection spectra of the 
nanostructures shown in (a). (f–h). Near-field profiles of E-field distribution in x–z plane for the LSPRs of the nanostructures 
with 2D, 3D and 3D PM topologies. Reprinted with permission from Ref. [6]. Copyright 2017 John Wiley & Sons.
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regions can be easily accessible to the analytes in Raman measurements if compared to the planar 
configuration. In the case of 3D PM geometry, the numerical spectrum (Figure 11a) shows vari-
ous modes corresponding to the LSPR of the nanostructure and the underlying nanohole, and 
surface plasmon polaritons (SPP) at metal/air and metal/substrate interfaces. The LSPR position 
of the 3D PM structure (650 nm) is slightly shifted (a blue shift of 30 nm) from the 3D geometry, 
and a high E-field enhancement of 120 is observed. A deeper analysis of the perforated metal 
contribution has been discussed elsewhere [6]. The spectral features corresponding to the LSPRs 
of the 3D PM nanostructure and star-shaped hole cavity are located at about 620 and 1350 nm, 
while the 543 and 1050 nm resonances can be associated to the SPPs of the PM layer.

In order to assess the impact of hot-spot density on SERS enhancement, Raman measurements 
were performed on 4–10 branched nanostructures with p-MA molecules chemisorbed at 1 μM 
concentration. Typical SERS spectra of 8 branched nanostructures with 2D, 3D and 3D PM 
geometries are shown above. The incident laser wavelength, acquisition time and power were 
set to 785 nm, 30 s and 1 mW, respectively, and the incident light polarization was fixed along 
the x-axis. Characteristic Raman modes of p-MA are clearly visible in the spectra acquired on 
3D PM MB nanostructures. In the planar case, the peaks centered around 1077 and 1590 cm−1 
are experimentally observable, but the other bands are buried into the background noise. 
When the nanostructures are decoupled from the substrate via a dielectric nanopedestal (3D 
case), a significant rise in SERS signal intensity is observed along with the presence of all char-
acteristic p-MA Raman modes. Furthermore, an additional enhancement in SERS signal inten-
sity is observed for the 3D PM nanostructure geometry due to the coupling of the MBNS with 
the reflected light coming from the perforated metal layer underneath. The 3D PM MB nano-
structure shows an absolute SERS enhancement in the order of 1011 obtained from the evalua-
tion of the peak intensity at 1077 cm−1, with reference to Raman spectra of p-MA molecules on 
a planar SERS active gold film. Details on the corresponding calculations can be found in [6].

In order to understand the wavelength-dependent hot-spot generation and SERS enhance-
ment, 4–10 branched 3D PM nanostructures were excited with four different laser sources 
(Figure 12b). The SERS signal intensity of the 1077 cm−1 band is plotted with respect to the 
number of branches and excitation lasers (532, 633, 785 and 830 nm). Due to different spec-
tral power densities of the excited lasers, the SERS intensities are normalized independently 
with respect to the highest peak intensity obtained in the series. A monotonic increment of 
the SERS signal is observed by raising the number of branches for both 785 and 830 nm laser 
excitations, which are off-resonance with respect to the nanostructure LSPRs (see, Figure 11i). 
In this scenario, the SERS signal intensity can be associated to the increment of the number of 
hot-spots with multiple branches. For 633 nm laser excitation, the eight-branched nanostruc-
ture shows highest SERS signal intensity owing to the overlap between the LSPR and the laser 
source. A similar trend has been observed for 532 nm excitation source.

Ultra-sensitive detection of analyte molecules was probed on eight-branched 3D PM nanostruc-
tures with p-MA molecules at concentrations ranging from 1 μM to 1 fM (Figure 12c). The inci-
dent wavelength, power and acquisition time were set to 785 nm, 1 mW and 3 s, respectively. At 
1 μM concentration, the SERS spectra show the characteristic Raman bands of p-MA with good 
SNR. A decrease in SERS signal intensity is observed upon reduction of the molecular concen-
tration from 1 μM to 1 fM, due to a lower number of adsorbed molecules on the nanostructure 
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surface. For 1 fM concentration, only the Raman bands at 1077 and 1590 cm−1 are clearly visible, 
while the other features lie in the background noise. Despite of this, analyte detection at 1 fM 
showed the ultra-sensing capability of the substrate towards single/few molecules detection. 
In order to assess the effect of branch number on the detection limit, SERS measurements were 
performed on 4–10 branched 3D PM nanostructures with p-MA chemisorbed from a 1 fM con-
centrated solution (Figure 12d). An increment in SERS signal intensity at 1077 cm−1 is observed 
by raising the number of branches, owing to the larger number of generated hot-spots.

Reproducible identification and detection of biological samples/chemicals at ultra-low con-
centrations remains a huge challenge due to lack of high hot-spot density substrates. At ultra-
low concentrations, single/few molecules adsorbed in the vicinity of the hot-spot sites provide 
the majority of the SERS signal intensity. In this situation, if the molecules are not absorbed 
in the proximity of the hot-spot, the molecular fingerprint of the analyte cannot be identified. 
Thus, development of plasmonic nanostructures with a high hot-spot density that enables 
reproducible detection at ultra-low concentrations is of paramount importance in the field 
of molecular sensing. Multi-branched nanostructure designs hold concrete promises in this 

Figure 12. (a) SERS spectra of p-MA molecules chemisorbed at 1 μM concentration on eight-branched nanostructures 
with 2D, 3D and 3D PM geometries. (b) SERS signal intensity at 1077 cm−1 as a function of a number of branches and 
different exciting wavelengths (532, 633, 785 and 830 nm). (c) SERS spectra of p-MA molecules at 1 μM, 1 nM, 1 pM and 
1 fM concentrations taken on eight-branched 3D PM nanostructures for 785 nm laser excitation. (d) SERS signal intensity 
at 1077 cm−1 versus number of branches at ultra-low concentration, 1 fM. Reprinted with permission from Ref. [6].  
Copyright 2017 John Wiley & Sons.
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while the other features lie in the background noise. Despite of this, analyte detection at 1 fM 
showed the ultra-sensing capability of the substrate towards single/few molecules detection. 
In order to assess the effect of branch number on the detection limit, SERS measurements were 
performed on 4–10 branched 3D PM nanostructures with p-MA chemisorbed from a 1 fM con-
centrated solution (Figure 12d). An increment in SERS signal intensity at 1077 cm−1 is observed 
by raising the number of branches, owing to the larger number of generated hot-spots.

Reproducible identification and detection of biological samples/chemicals at ultra-low con-
centrations remains a huge challenge due to lack of high hot-spot density substrates. At ultra-
low concentrations, single/few molecules adsorbed in the vicinity of the hot-spot sites provide 
the majority of the SERS signal intensity. In this situation, if the molecules are not absorbed 
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direction. In view of that, eight-branched 3D PM nanostructures arranged in the form of sin-
gle, dimer, 3 × 3 array of clusters and chain of nanostructures, as shown in Figure 13, were 
investigated by keeping the interparticle distance fixed at 200 nm.

Near-field distributions of 2D single, dimer, 3 × 3 periodic array and chain of eight-branched 
nanostructures at their characteristic LSPRs, are shown in the Figure 14a–d, respectively. In 
order to reduce the computational time, 2D structures were used to compare the hot-spot 
density and E-field enhancement. The corresponding LSPR positions (experimental and calcu-
lated) are shown in Figure 15. A red-shift in the plasmon resonance has been observed with dif-
ferent layouts, as a consequence of the interaction between adjacent nanostructures. It is clearly 
visible that the hot-spot density is increased with respect to the arrangement schemes and, the 
highest E-field enhancement is observed for nanostructures arranged in the form of a chain.

SERS spectra were acquired in order to address the effect of different geometrical configura-
tions on the measured signal. Figure 16a shows a typical SERS spectrum of p-MA (at 1 μM 
concentration) on eight-branched 3D PM structures arranged in the form of a chain. The excit-
ing laser, acquisition time and power were set to 785 nm, 10 s and 1 mW, respectively, while 
the impinging light polarization was fixed along the x-axis. Figure 16b shows the SERS signal 
intensity for the band at 1077 cm−1 with respect to the nanostructure arrangement. Dimer 
configuration presents higher field enhancement in comparison to the isolated geometry, as 

Figure 13. (a–d). Normal incidence SEM images of the eight-branched 3D PM MB nanostructures in the form of single, 
dimer, 3 × 3 periodic array of clusters and chain of nanostructures, respectively. The inset shows the magnified view of 
the nanostructures.
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Figure 14. E-field distribution of single, dimer, 3 × 3 periodic array and chain of MBNS (a–d) at their characteristic LSPRs. 
The incident light is polarized along the x-axis.

Figure 15. LSPR positions (theoretical and experimental) of 2D eight-branched nanostructures arranged in the form of 
single, dimer, 3 × 3 periodic array of clusters and chain of nanostructures.

Figure 16. (a) The SERS spectrum of p-MA at 1 μM concentration taken on eight-branched 3D PM nanostructures 
arranged in the form of a chain. (b) Normalized SERS signal intensity variation at 1077 cm−1 with respect to different 
arrangements of the nanostructures at 1 μM p-MA concentration.
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The incident light is polarized along the x-axis.

Figure 15. LSPR positions (theoretical and experimental) of 2D eight-branched nanostructures arranged in the form of 
single, dimer, 3 × 3 periodic array of clusters and chain of nanostructures.

Figure 16. (a) The SERS spectrum of p-MA at 1 μM concentration taken on eight-branched 3D PM nanostructures 
arranged in the form of a chain. (b) Normalized SERS signal intensity variation at 1077 cm−1 with respect to different 
arrangements of the nanostructures at 1 μM p-MA concentration.
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a consequence of the strong hot-spot confined in the IPS region. Periodic 3 × 3 arrays of nano-
structures show higher E-field enhancement compared to single nanostructures, and a lower 
E-field enhancement with respect to the dimer layout, which is in good agreement with the 
E-field enhancements observed in Figure 14. Nanostructures arranged in the form of chain 
show the highest E-field enhancement (a factor of 62) in comparison to the other geometries. 
Figure 17 shows the SERS signal intensity at 1077 cm−1 as a function of the arrangements of 
nanostructures at 1 fM p-MA concentration. As in the previous situation, the highest SERS 
intensities were observed for chains, as a result of the higher hot-spot density.

4. Conclusions and outlook

In summary, the engineering of 3D multi-branched (up to 10 branches) nanostructures for 
sensing of analyte molecules at ultra-low concentrations, down to 1fM, is demonstrated to be 
highly feasible. Numerical simulations were performed to understand the underlying phys-
ics of high electric field enhancement of the plasmonic nanostructures. The advancement of 
the 3D fabrication methods enables the realization of uniform, homogenous and reproduc-
ible SERS devices. Reflection and SERS measurements were carried out to evaluate the MB 
nanostructure performances. Within this context, we demonstrated the importance of the 
geometry, IPS and polarization on SERS signal enhancement using 3D five-branched nano-
star dimers (with sub-10 nm IPS). The elevated 3D geometry shows the advantage of high 
E-field enhancement over 2D geometry due to decoupling from the underlying substrate 
of the strong optical-near fields localized at the metal/dielectric interface. In particular, the 
3D geometry enables direct interaction of analytes with hot-spot spatial regions, which are 
severely affected by solid dielectric substrates in the 2D geometry case. This kind of SERS 
architectures is particularly important in miniaturized lab-on-chip Raman detection systems, 
thus allowing the exploitation of lower laser powers with no consequencie over the device 
sensitivity. Moreover, the low-cost recycling capability of the 3D geometry counterbalances 
the production cost and time defined by the lithographic process. The effect of metal layer 
composition on SERS signal enhancement of p-MA molecules, and recycling capabilities of 

Figure 17. Normalized SERS signal intensity variation at 1077 cm−1 with respect to different arrangements of the eight-
branched 3D PM nanostructures at 1 fM p-MA concentration.
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3D structures were investigated with five-branched nanostar dimers in the ring structures. 
The effect of the number of branches, varying from 4 to 10, on the hot-spot generation and 
SERS enhancement was evaluated by using individual nanostructures (separated by 200 nm 
IPS). Moreover, the arrangement of MB nanostructures in various configurations (single, 
dimer, 3 × 3 array of clusters and chain of nanostructures) was evaluated to improve the 
device detection limit towards the single-molecule regime. 3D multi-branched nanostruc-
tures exhibit enhancement factors in the order of 1011 with an extremely high sensing capabil-
ity (down to 1fM concentration). In this view, engineering the aforementioned architectures 
for high hot-spot density paves the way towards commercial biosensing applications, which 
require single/few-molecule detection sensitivity, with scalable manufacturing methods and 
cost-effective approaches. The proposed devices do not require specific labeling of the inves-
tigated analytes and multiple testing can be evaluated on the same platform. A new class of 
biological experiments will be therefore feasible, including monitoring growth factors that 
are produced from cultured cells. Moreover, our plasmonic nanostructures can be employed 
for direct detection of proteins within biological samples and real-time monitoring of chemi-
cal reactions. When applied to biomedicine, the present results, combined with already avail-
able purification methods, suggest the possibility of improving the early detection of several 
diseases, including cancer, where the number of clinically significant molecules at the onset 
of the pathology is very small and often generated by a single cell.
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structures show higher E-field enhancement compared to single nanostructures, and a lower 
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3D structures were investigated with five-branched nanostar dimers in the ring structures. 
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diseases, including cancer, where the number of clinically significant molecules at the onset 
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Abstract

In this chapter, we summarize the results of recent investigations into TiO2 nanotubu-
lar oxide layers on Ti metal loaded with Ag nanoparticles, which act as efficient sur-
face plasmon resonators. These Ag-n/TiO2 NT/Ti composite layers appear to be useful as 
platforms for precise surface analytical investigations of minute amounts of numerous 
types of organic molecules: pyridine (Py), mercaptobenzoic acid (MBA), 5-(4-dimethyl-
aminobenzylidene) rhodamine (DBRh) and rhodamine (R6G); such investigations are 
known as surface enhanced Raman Spectroscopy (SERS). Geometrical factors related 
to the nanotubes and the silver deposit affect the SERS activity of the resulting com-
posite layers. The results presented here show that, for a carefully controlled amount 
of Ag-n deposit located mainly on the tops of titania nanotubes, it is possible to obtain 
high-quality, reproducible SERS spectra for probe molecules at an enhancement factor of 
105–106. This achievement makes it possible to detect organic molecules at concentrations 
as low as, e.g., 10−9 M for R6G molecules. SEM investigations suggest that the size of the 
nanotubes, and both the lateral and perpendicular distribution of Ag-n (on the tube tops 
and walls), are responsible for the SERS activity. These features of the Ag-n/TiO2 NT/Ti 
composite layer provide a variety of cavities and slits which function as suitable resona-
tors for the adsorbed molecules.

Keywords: TiO2 nanotubes (TiO2 NT), Ag nanoparticles (Ag-n), PVD methods of Ag-n 
deposition, SERS measurements, enhancement factor (EF)
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Abstract

In this chapter, we summarize the results of recent investigations into TiO2 nanotubu-
lar oxide layers on Ti metal loaded with Ag nanoparticles, which act as efficient sur-
face plasmon resonators. These Ag-n/TiO2 NT/Ti composite layers appear to be useful as 
platforms for precise surface analytical investigations of minute amounts of numerous 
types of organic molecules: pyridine (Py), mercaptobenzoic acid (MBA), 5-(4-dimethyl-
aminobenzylidene) rhodamine (DBRh) and rhodamine (R6G); such investigations are 
known as surface enhanced Raman Spectroscopy (SERS). Geometrical factors related 
to the nanotubes and the silver deposit affect the SERS activity of the resulting com-
posite layers. The results presented here show that, for a carefully controlled amount 
of Ag-n deposit located mainly on the tops of titania nanotubes, it is possible to obtain 
high-quality, reproducible SERS spectra for probe molecules at an enhancement factor of 
105–106. This achievement makes it possible to detect organic molecules at concentrations 
as low as, e.g., 10−9 M for R6G molecules. SEM investigations suggest that the size of the 
nanotubes, and both the lateral and perpendicular distribution of Ag-n (on the tube tops 
and walls), are responsible for the SERS activity. These features of the Ag-n/TiO2 NT/Ti 
composite layer provide a variety of cavities and slits which function as suitable resona-
tors for the adsorbed molecules.

Keywords: TiO2 nanotubes (TiO2 NT), Ag nanoparticles (Ag-n), PVD methods of Ag-n 
deposition, SERS measurements, enhancement factor (EF)

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Searching for new and effective substrates for surface enhanced Raman Spectroscopy (SERS) 
applications is a subject of research at many scientific centers. This is because SERS spec-
troscopy is used to quickly characterize many functional materials important in advanced 
technologies, analytical chemistry and biology [1]. An important practical problem when car-
rying out analytical SERS measurements is to obtain suitable substrates containing a suffi-
cient number of electromagnetic nanoresonators. The SERS effect is strongly dependent on an 
enhancement of the Raman scattering intensity by molecules adsorbed on a nanostructured 
metallic surface. The SERS enhancement factor is related to the size and shape of the nano-
structures, which causes electromagnetic enhancement [2, 3]. Usually, the average value of 
SERS enhancement is around 105–106, but localized enhancement may reach values of 1010 at 
certain, highly efficient sub-wavelength regions of the surface [4]. It is therefore desirable for 
the resulting substrates to render a very large SERS spectra enhancement factor, where the 
enhancement factor thus obtained does not depend on where the measurement is made (the 
same enhancement factor should be present at different locations on the sample surface [5]).

A promising substrate for SERS measurements that meets these two most important practical 
requirements is regular TiO2 nanotubes loaded with metal nanoparticles, which support sur-
face plasmon resonance. One way of modifying the nanotubular layer and attaining high SERS 
activity is to enhance the surface with a small quantity of Ag or other plasmonic metal (e.g. 
Au or Cu) nanoparticles (plasmonic nanoparticles) [1, 6]. Such plasmonic metals themselves 
are known for their high SERS activity, which results only after a proper roughening of their 
surfaces [7]. The dielectric constant for these metals consists of a negative real part and a small 
positive imaginary part. When a nanoparticle made of these metals interacts with electromag-
netic radiation, collective oscillations of the surface plasmons are induced [8]. These oscillations 
result in an enhanced electromagnetic field in close proximity to the surface of the nanoparti-
cles. The surface of these metals, when properly roughened, provides suitable slits and cavities 
which serve as surface plasmon resonators that strongly enhance the intensity of the electro-
magnetic field. For Raman bands with a small Raman shift, the increase in the efficiency of 
Raman scattering is roughly proportional to the fourth power of the field enhancement [2, 9].  
A detailed description of the SERS effect can be found in literature [2, 9–12].

It is well known that the enhancement factor (EF) of SERS spectra depends on the metal mor-
phology/topography. Only a suitable surface roughness of the SERS substrates can produce a 
stronger Raman signal. The optimum value of the size and shape of the noble metal particles 
may lead to a maximum EF (which also depends on the nature of the metal, the excitation laser 
wavelength, and special experimental conditions) [13]. A highly active substrate provides 
superior conditions for measuring the SERS spectra of an adsorbate. Therefore, to gain some 
insight into the substrate–adsorbate interactions at the molecular level, and to detect different 
kinds of organic adsorbates, detailed knowledge of how to fabricate a highly sensitive and 
reproducible SERS substrate is of considerable importance [1, 5].

The high regularity of the TiO2 nanotubular structures obtained ensures that the enhancement 
factors are high reproducible [14–16]. The specific morphology of the resulting structures 
(the large side wall surfaces of the nanotubes grown perpendicular to the substrate) makes 
it possible to prepare metallic nanograin systems with a large number of gaps between the 
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nanotubes (i.e. the metal nanoparticle systems are close to each other on the side walls of TiO2 
nanotubes that are perpendicular to the macroscopic Ti surface). As shown experimentally, 
the narrow gaps between the metal nanoparticles supporting surface plasmon resonance pro-
duce the largest SERS signal enhancement factors [17–19] (see Figure 1).

In this chapter we discuss in more detail the effect of a TiO2 nanoporous structure with Ag 
nanoparticles deposited by different PVD methods (which provide precise control over the 
amount of silver sputtered onto the nanotubular substrate) on the SERS activity of the substrates 
prepared. We focus on the geometrical effects on SERS activity: nanotube diameter, size and 
distribution of Ag-n, and morphology of the Ag-n agglomerates. TiO2 nanotubes are particu-
larly suitable for such investigations because the strictly controlled electrochemical procedures 
make it possible to produce well-formed, nanotubular substrates that are “homogeneous,” sta-
tistically having the same nanotube diameter and nanotube wall thickness (see Figure 2).

Figure 1. Schematic presentation of fabrication of TiO2 nanotube layer and functionalization process for SERS application.
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As shown in Figure 2, the specific morphology of TiO2 nanotubes can be relatively easily modified 
by controlling the conditions of anodic polarization (type of electrolyte, voltage and anodization 
time), because there is a direct linear relationship between anodization voltage and the average 
diameter of the nanotubes formed. In general, the diameter and wall thickness of the nanotubes 
increase with anodic voltage [20, 21]. The possibility of preparing nanotubes of different size, 
shape and wall thickness provides control over the geometrical surface area and specific surface 
area, which are important parameters when developing new substrates for SERS applications.

2. Fabrication, surface and structure characterization of SERS 
substrates based on TiO2 nanotubes

Innovative SERS active platforms based on TiO2 NT with noble metal deposits (Ag) were used 
for investigating various organic probe molecules such as pyridine (Py), mercaptobenzoic 
acid (MBA), organic dye 5-(4-dimethylaminobenzylidene) rhodamine (DBRh) and rhodamine 
6G (R6G). For this purpose, simple electrochemical methods were applied: anodic oxidation 
of Ti foil (0.25 mm-thick, 99.5% purity, Alfa Aesar) in an optimized electrolyte: a glycerol/
water mixture (volume ratio 50:50) with 0.27 M NH4F under different constant voltages from 
10 up to 30 V. They led to the formation of nanoporous titanium oxide structures, and subse-
quently, to the preparation of specific metal nanostructures on surfaces thereof during PVD 
processes (magnetron sputtering, evaporation at high and low vacuum). Before the Ag depo-
sition, all of the samples were annealed in air at 650°C for 3 h in order to transform the struc-
ture of the TiO2 NT from amorphous to crystalline [19, 22].

Ag nanoparticles (from 0.01 up to 0.03 mg/cm2) were deposited using the sputter deposition 
technique: the evaporation method in a low vacuum (p = 3 × 10−3 Pa) with a JEE-4X JEOL 

Figure 2. Effect of anodic voltage Vmax on average diameter and wall thickness of nanotubes. The inserts show top views 
of TiO2 nanotubes fabricated at different voltages [21].
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device, and the DC magnetron sputtering technique using a Leica EM MED020 apparatus in 
a configuration perpendicular to the surface of the samples. More details are given elsewhere 
[18, 23]. We strictly controlled in situ the average amount of metal deposited per cm2 using a 
quartz microbalance. One has to consider, however, that the true local amount of the metal 
deposits may vary substantially from site to site. The highly developed specific surface area 
of the nanotube arrays and its brush-like morphology may strongly affect Ag local distribu-
tion, resulting in considerable non-uniformity. For this type of process, silver targets of 99.9% 
purity (Kurt J. Lesker Company) were used. To better control the silver sputtering deposition 
process on the surface of the nanotubes, we applied the thermal evaporation method (0.01 and 
0.05 mg/cm2) using an EF 40C1 effusion cell inside an UHV preparation chamber (PREVAC, 
Poland). The cell was maintained at a temperature of 900°C during the process of resistive 
evaporation. Silver (2 mm-diameter wire, 99.999%, Alfa Aesar) was evaporated onto the room 
temperature-surface of the TiO2 NT at a pressure of 1–2∙10−6 Pa at a constant evaporation rate 
of 0.13 nm/min. The evaporation rate from the silver effusion cell was calibrated and moni-
tored using a TM-400 quartz crystal thickness monitor (Maxtek Inc.). The process of fabricat-
ing the SERS substrates is presented schematically in Figure 1.

The SERS platforms thus fabricated were characterized using various analytical methods. 
Electron Microscopy was applied for the morphological and structural characterization of 
the nanotubes after each preparation stage. The SEM observations (FEI NovaNanoSEM 450, 
Hitachi S70, Hitachi S-5500) were carried out at an accelerating voltage of 5 or 10 kV and an 
SE detector to reveal topographic contrast at the tops of the tubes. The thin sample for STEM 
observations was prepared by using the lift-out technique with a Hitachi NB-5000Focused Ion 
Beam system. The internal structure of the nanotubes was examined with a dedicated STEM 
Hitachi HD2700 in BF and atomic mass contrast. Observations at 200 kV revealed a columnar 
structure of the nanotubes and the transition zone. The surface chemical composition and the 
chemical state of the surface species (Ti, O, Ag) of the fabricated SERS platforms were exam-
ined using XPS spectroscopy. The XPS spectra were measured with a Microlab 350 Thermo 
Electron spectrometer at 300 W non-monochromatic Al Kα radiation and 1486.6 eV energy. 
AES spectroscopy was applied to determine the local chemical composition of the SERS sub-
strates obtained. All of the spectra were recorded at an energy of 10 kV. The appropriate 
standards for AES and XPS reference spectra were also used. Finally, the Raman spectra of 
2-mercaptoethanesulfonate (5 × 10−3 M), pyridine (5 × 10−2 M, in a mixture of pyridine and 
0.1 M KCl), DBRh (10−4 M, in a mixture of water and ethanol (1:2)), and rhodamine from a 10−7 
and 10−9 M aqueous solution were collected with a Horiba Jobin–Yvon Labram HR800 using 
a He-Ne laser (632.8 nm) as the excitation source. For each sample, 20 measurements were 
performed locally at various points chosen randomly.

3. Results and discussion

For our studies, we used an optimized electrolyte based on a mixture of glycerol and water 
(volume ratio 50:50) with 0.27 M NH4F. The growth of nanotubes under a constant voltage 
is perpendicular to the metal substrate, as shown in Figure 3. STEM images reveal nano-
tubes that are hollow in shape, separated from each other, and that feature a characteristic 
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“columnar structure.” A typical surface morphology of the nanotubes is shown in the inset 
to Figure 3 (10 and 25 V). Usually, the as-grown porous anodic layers exhibit poor adhesion 
to the Ti substrate, and so, to improve their adhesion and mechanical stability, the samples 
were annealed in air at 650°C for 3 h. The heat treatment in this temperature range does not 
cause any visible changes in the diameter or shape of the TiO2 nanotubes, but in the anneal-
ing process an interfacial region is formed between the Ti substrate and the TiO2 nanotubes 
that stabilizes the entire TiO2 NT/Ti substrate system. Moreover, the heat treatment results in 
a change in the nanotube structure, from amorphous (directly after anodization) to crystal-
line: anatase [19, 21, 24]. All these factors are crucial for the suitability of the nanotubes as 
substrates when preparing SERS-active adsorbates.

After annealing, the above structures proved to be important for designing active substrates for 
SERS spectroscopy, where a large surface area and a stabilized structure are required [19]. The 
free-standing nanotubes adorned with Ag nanoparticles formed a layer of natural nanoresona-
tors (antennas), which repeatedly enhanced Raman scattering [14, 18]. However, the geometri-
cal factors of the Ag-n deposit and their relation to the geometry of the nanotubes are not yet 
well understood. Therefore, the details of the SERS mechanism should be carefully considered.

In general, there are two important mechanisms underlying SERS. The first, and the domi-
nant, mechanism toward large SERS enhancement factors (EF) is that of electromagnetic field 
enhancement, where localized surface plasmons (LSPs) in the metallic nanostructure increase 
the Raman signal intensity. The other contribution to SERS EF is the chemical enhancement 
mechanism, where the charge transfer between the adsorbed molecule and the metal plays a crit-
ical role in enhancing and modifying the modes of molecular vibration [25]. Both enhancement 
mechanisms can operate simultaneously when using TiO2 nanoporous structures in the form 
of freestanding nanotubes with a suitable, carefully prepared deposit of silver nanoparticles.

Figure 4 shows SEM images of TiO2 nanotube layers (top-views) formed at 25 V and loaded 
with 0.01 mg/cm2 of Ag. A careful inspection of Figure 4a reveals that the magnetron-deposited 
Ag-n is located on the tops and side walls of the nanotubes, while the silver particles become 

Figure 3. STEM images of a cross-section of a TiO2 nanotubular layer before and after heat treatment at 650°C (20 V); 
insert shows a top view of the nanotubes obtained at 25 and 10 V.
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 agglomerated and form rings. As a result of silver evaporation at a low vacuum, the plasmonic 
nanoparticles are distributed homogenously in the TiO2 nanotube layer, tightly covering the 
walls of the nanotubes and forming a thin, solid coating around the tubes (Figure 4b). After 
evaporation at a high vacuum, where the process of silver deposition is very slow (0.13 nm/min), 
spherical Ag nanoparticles are formed (see Figure 4c). The diameter of these particles is below 
50 nm. Densely-packed TiO2 nanotubes coated with a plasmonic metal (Ag) could act as antenna-
nanoresonators having a strictly defined geometry and surface development. This would ensure 
the formation of highly active places—“hot spots,” i.e., gaps and cavities serving as surface plas-
mon resonators that significantly increase the intensity of the electromagnetic field.

Figure 5 shows typical AES spectra for samples with an Ag deposit (0.01 mg/cm2) after vac-
uum evaporation at low and high vapor pressures. Signals from the Ag MNN, Ti LMM and 
O KLL Auger transitions are clearly visible. These results suggest that O is bound to Ti, and 
there are areas where the oxidized Ti substrate is not fully covered by the Ag deposit, which 
is consistent with the SEM microscopic observations.

Figure 4. SEM images of TiO2 nanotube layers (top-views) formed at 25 V and loaded with 0.01 mg Ag/cm2 after different 
PVD processes: (a) magnetron sputtering, (b) evaporation at a low vacuum, and (c) evaporation at a high vacuum.
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In order to gain further insight into the chemical state of the samples before and after the silver 
deposition processes, XPS measurements were performed for those samples having a small 
amount of Ag (0.01 mg/cm2) (see Table 1). The deconvolution of the main XPS signals for 
Ti2p3/2 and O1s suggests that titanium is bound to oxygen and forms titanium oxide IV. High-
resolution XPS spectra confined to the Ag range gave the binding energies of Ag3d5/2 peaks 
located at 367.9 (high vacuum), 368.3 (magnetron sputtering) and 368.4 eV (low vacuum), 
respectively, which is consistent with the literature [26–30] and also with our reference data. 
This implies that the Ag agglomerates and single nanoparticles located on the tops and in the 
deeper parts of the TiO2 nanotubes are metallic silver. A small shift in the Ag3d5/2 and Ti2p3/2 
peaks (see Table 1) for the samples after functionalization by PVD methods (±0.1–0.4 eV) may 
suggest that the XPS signals of Ag are modified by an interaction with the TiO2 nanoporous 
substrate in relation to the position of the Ag standard peak. This interaction may induce a 
shift in the Fermi level in the deposited silver, in particular, if single nanoparticles are sup-
ported on the oxide carrier – the SMSI effect. Such effects have been reported by Goodman 
et al. and Lopez et al. [31, 32] for gold nanoparticles on TiO2 supports, and were also observed 
in our recent work, where a ZrO2 nanoporous layer was covered with Ag nanoparticles [33].

Figure 6 shows the SERS spectra of pyridine (Py) adsorbed at TiO2 NT/Ti platforms fabricated 
at 25 V and covered with the same average amount of Ag-n (0.01 mg/cm2) by the three differ-
ent procedures: magnetron sputtering, and vacuum evaporation at low and high vapor pres-
sures. The spectra presented were averaged from 20 measurements on each sample tested. 
The SERS spectra of pyridine are dominated by two bands: at ~1010 and at ~1034 cm−1 origi-
nating from the aromatic ring vibrations of this molecule. Moreover, on the spectra recorded, 
there are also others bands clearly visible at 1150 and 1220 cm−1, which are also characteristic 
of Py adsorbed on a standard silver surface [34, 35]. The SERS measurements revealed that the 
distribution of Ag nanoparticles on the nanotubular substrate affects SERS intensity (compare 

Figure 5. Typical Auger survey spectra taken at the surface of Ag/TiO2 NT layers obtained at Vmax = 25 V and covered 
with the same amount of Ag deposit (0.01 mg/cm2). The Ag MNN signal for a pure Ag reference sample is also shown.
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Table 1. XPS results for titania nanotube layers before and after silver nanoparticles deposition by PVD methods at low 
and high vacuums.

Figure 6. Average SERS spectra of Py adsorbed on Ag-n/TiO2NT (25 V)/Ti substrates fabricated by: Ag magnetron 
sputtering, Ag evaporation method at a low vacuum, Ag thermal evaporation method at a high vacuum.
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Figure 4). A roughly two-fold increase in SERS intensity occurs when the titania nanotubes 
are adorned with Ag-n after the magnetron sputtering process. Three kinds of Ag particles 
can be distinguished: those accumulated on the tops of the nanotubes, forming “rings,” and 
single particles (see. Figure 4) separated from each other and/or those Ag particles produced 
in the high vacuum process, which are located on the tops (“mouth”) of the nanotubes. The 
latter do not yield such a strong SERS effect. Apparently, the key factor in the SERS activity of 
Ag-n is the size and mode of the specific surface area of the silver particles formed during a specific 
vacuum process. While the SERS intensity reached was not very high, well-reproducible and 
good-quality SERS spectra were obtained.

The next step was to repeat the same measurements with a nanotubular substrate prepared at 
an anodization of 10 V to produce nanotubes having a smaller diameter, thereby increasing the 
specific surface area of the SERS-active silver. Figure 7 shows typical SEM images of a platform 
for SERS measurements, based on TiO2 nanotubes (10 V): a surface of nanotubes of titania on a 
Ti substrate after deposition of Ag nanoparticles by the evaporation method in a low vacuum 
of 0.01 (a), 0.02 (b), and 0.03 (d) mg Ag/cm2. For the smallest amount of Ag (0.01 mg∙cm−2), 
the silver nanoparticles tend to gather on the tops of the nanotubes and on their side walls 
(c). Characteristic specific structures of Ag-n are formed around the nanotubes, consisting of 
agglomerates of Ag nanoparticles. Increasing the amount of silver (0.02 and 0.03 mg∙cm−2) leads 
further to a visible development of the Ag surface area, up to the formation of silver nanopar-
ticle agglomerates having characteristic slits of from several to a few dozen nanometers.

Figure 8 shows the spectrum of pyridine adsorbed on Ag-n/TiO2 NT (10 V) platforms from 
an aqueous solution of 0.05 M pyridine +0.1 M KCl. The spectra are dominated by two strong 

Figure 7. Top view of titania dioxide nanotubes (10 V) annealed for 2 h in air at a temperature of 650°C after silver 
deposition: 0.01 (a), 0.02 (b), 0.03 mg/cm2 (d). A cross-sectional view of a nanoporous layer after deposition of  
Ag – 0.01 mg/cm2 is also given, left side (c).
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bands at 1004 and 1034 cm−1. The band at 1004 cm−1 is due to the ring breathing mode (ν1, Wilson 
notation), whereas that at 1034 cm−1 is due to symmetric triangular ring deformation (ν12) [34, 
35]. The SERS spectral intensity increases distinctly with the amount of Ag metal deposit, which 
correlates with a change in surface topography (compare Figure 7). This effect is most likely 
related to an increase in the number of narrow gaps between the silver particles themselves 
(locations particularly active in SERS spectroscopy) with an increasing amount of Ag deposit.

Our previous experiments show that the SERS enhancement factor for free-standing TiO2 
nanotubes adorned with silver nanoparticles is strictly related to the size of the nanotubes. 
The SERS enhancement factor (EF) for the pyridine (Py) probe molecule was successfully esti-
mated using the following formula (1):

   E  F   =  I  SERS   /  I  ref   ×  hc  ref   /  N  surf    (1)

where ISERS and Iref are the Raman intensities obtained from the SERS and normal Raman (NR) 
investigations, respectively, cref stands for the concentration of pure Py in the NR measure-
ments, and h is the depth-of-focus of the laser beam. The average number of adsorbed mol-
ecules of Py per geometrical surface area unit participating in the SERS measurements (Nsurf) 
was calculated assuming that the adsorbed molecules are spheres closely packed on a plane 
to form a hexagonal lattice. AFM measurements were performed to determine the geometrical 
surface area, see Figure 9a. More details can be found in the publication [15].

For the same amount of Ag deposit (0.02 mg/cm2, magnetron sputtering) on nanotubes fabri-
cated at 10 V up to 25 V (see Figure 2), there was an increase in the SERS enhancement factor 
of from 105 to 106 (see Figure 9b).

Figure 8. SERS spectra of pyridine adsorbed at the surface of nanotubes (10 V) annealed in air at 650°C for 2 h and 
coated with silver deposit: 0.01, 0.02, 0.03 mg/cm2. A reference spectrum for pure Ag (electrochemically roughened silver 
surface) is also given.
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The hundredfold increase in SERS enhancement shown in Figure 9b is apparently due to a 
combination of two factors: a change in the specific surface area of the nanotubes with forma-
tion voltage [15], and a change in the distribution and size of the Ag nanoparticles with nano-
tube size [23]. These geometrical factors affect the properties of the silver “nanoresonators” 
produced on the tops and side walls of the TiO2 nanotubes. The present results confirm the 
importance of the size of the geometrical surface area of the TiO2 nanotubes for the plasmonic 
properties of the Ag-n deposit itself and, consequently, for the properties of the Ag/TiO2NT 
composite materials.

Figure 10 shows SERS spectra of two other probe molecules: p-mercaptobenzoic acid (a) and 
DBRh dye (b) recorded on the platforms, which were characterized by an enhancement factor 
larger than 106. In both cases, the spectra are of good quality and high intensity. They show 
that the background is not very high, and quite “flat” for both molecules. Our SERS experi-
ments confirmed the good reproducibility of such substrates obtained by adorning TiO2 nano-
tubes with Ag metal clusters and particles, which effectively support plasmon resonance [18].

Figures 11 and 12 show R6G spectra taken with our Ag-n/TiO2 NT platform covered with 
a solution containing 10−7 or 10−9 mol/l R6G. A rhodamine molecule is often used when the 
relationship between the local electromagnetic field enhancement and a large SERS signal is 
explored, which makes it possible to measure Raman spectra from a single molecule located 
on an Ag particle or individual Ag nanoparticles [36–39]. The characteristic peaks at ~970, 
1150, 1220, 1300, 1340, 1410, 1500 and 1600 cm−1 correspond to the Raman lines for R6G [3, 
36]. In particular, the bands which are usually assigned to aromatic C-C stretching vibrations 
of R6G molecule are clearly visible. It can be seen that the SERS spectrum of R6G adsorbed 
on our Ag substrate exhibits enough intensity for this molecule to be detected even at a small 
concentration in an aqueous solution (below 10−7 mol/l). As a result of this reduced concentra-
tion of R6G, some bands are suppressed (compare Figures 11 and 12). This sensitivity of our 

Figure 9. (a) Typical AFM image of silver nanoparticles (0.020 mg/cm2) deposited by the magnetron sputtering technique 
on TiO2 oxide layers (20 V)—top view; (b) SERS enhancement factor EF as a function of the final formation voltage 
Vmax of the titania nanoporous layers. EF estimated for Py band at ~1010 cm−1, Ag deposited by magnetron sputtering 
technique—0.02 mg/cm2.

Raman Spectroscopy48

Figure 10. SERS spectra of p-mercaptobenzoic acid (a) and DBRh dye (b) recorded at the surface of 10 V nanotubes.

Figure 11. Left: SERS spectrum for R6G molecules adsorbed from an 10−7 M aqueous solution on a surface of TiO2 
NT nanotubes (25 V) with a silver deposit of 0.02 mg/cm2 (magnetron sputtering). Right: SEM images showing the 
morphology and cross-sectional view of the SERS active platform.
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fabricated SERS substrates is apparently related to the homogeneous Ag distribution on the 
surface of the regular nanoporous TiO2 structures; this should make it possible to produce 
specific morphologies that are extremely useful in Raman investigations.

4. Conclusions and outlook

PVD methods (the sputtering technique) provide a strictly controlled, stable distribution of 
Ag-n on nanotubular titania, thus offering suitable platforms for SERS investigations and 
for measurements of high-quality SERS spectra. Such spectra were obtained for pyridine, 
p-mercaptobenzoic acid, rhodamine and rhodamine 6G dye adsorbed on Ag-n-functionalized 
nanoporous layers of titania. For the SERS measurements (with R6G), excellent spectra were 
obtained, even for a concentration of R6G in a solution as low as 10−9 mol/l. The EF value was 
found to be the largest (EF = 2.8 × 106) for the smallest nanotube diameter (d = 38 ± 9 nm). 
Stable, reproducible and highly active platforms for SERS investigations were obtained using 
relatively simple procedures and techniques.

The SERS enhancement induced by these new materials is associated primarily with two geo-
metric factors: the specific surface area of the nanotubes, and an appropriate size and distri-
bution of the Ag nanoparticles. These geometric factors (clearly visible using high-resolution 
microscopy) affect the properties of the metallic “nanoresonators” deposited on the TiO2 
nanotubes. Consequently, the probe molecules sense even slight changes on the surface, and 
these manifest themselves in the SERS intensity. However, the spectral differences observed 
result not only from the specific morphology, where the PVD techniques lead to the forma-
tion of cavities and slits that operate as adsorbed molecule resonators, but also from a specific 
interaction between the Ag nanoparticles and the TiO2 nanotubes themselves. The further 

Figure 12. SERS spectrum of R6G molecules adsorbed from a 10−9 M aqueous solution on a surface of TiO2 NT nanotubes 
(25 V) with a silver deposit of 0.05 mg/cm2 (thermal evaporation method at a high vacuum).
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development of this type of SERS platform may involve using Ti of varying degrees of purity, 
and alloys of Ti, where the impurities and alloying elements will have an impact on the for-
mation of nanoporous oxides layers by means of doping process (a change in the electron 
structure of the titanium oxide). As a consequence, this could lead to a significantly stronger 
enhancement of the intensity of the SERS spectra due to the occurrence of modified interac-
tions between the doped titanium oxide and the metal nanoparticles, effectively supporting 
surface plasmons resonance (Ag, Au, Cu). All those factors should be taken into account when 
planning future analytical applications of new modified SERS substrates.
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Abstract

Surface-enhanced Raman scattering (SERS) is a powerful technique for trace molecular 
detection because of its ultrahigh molecular structure sensitivity and unique fingerprint-
ing spectra. The morphology, size and structure of the plasmonic nanoparticles seri-
ously influence the Raman scattering intensity of sample. In this chapter, we focus on 
the influence of nanoparticle morphology. By tailoring the plasmonic properties of aniso-
tropic Au, Ag nanoparticles and generating electromagnetic “hot spots” of SERS active 
substrate, the SERS intensity can be seriously influenced. We also focus on providing 
a general introduction to understand the main parameters of anisotropic noble metal 
nanoparticles of SERS performance.
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1. Introduction

The utilization of the enhancement effect of Raman scattering by using the plasmonic effect 
for nanoparticles (NPs) is mainly determined by the physical and chemical properties of 
the surface-enhanced Raman spectroscopy (SERS) active substrates. SERS is a powerful 
technique for ultrasensitive detection through the enhancing of electromagnetic fields 
(E-field) generated by localized surface plasmon resonance (LSPR) effect [1–4]. It can pro-
vide specific fingerprint information about a wide range of target molecules [5]. Noble 
metal NPs (e.g., Au, Ag, Cu, etc.) display a variety of plasmonic behaviors. The extremely 
inefficient inelastic light scattering of Raman scattering of the molecules or materials is 
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the most important factor restricting its applications [6]. However, the bottleneck can be 
overcome when the molecules are adsorbed onto a rough surface of noble metal NPs by 
enhancing the vibrational excitation of the adsorbed molecules or materials in a process 
commonly known as SERS. To develop size, shape and chemical composition, controllable 
anisotropic NPs to generate the “hot spot” can maximize the Raman signal to enhance 
the molecule detecting capacity. A wide variety of anisotropic noble metal NPs have been 
developed as a suitable candidate for SERS detecting and sensing. By controlling the size, 
shape, chemical component and structure of the NPs, the absorption range of noble metal 
NPs can be tuned form the visible to the near-infrared (NIR) range, and the resonances of 
noble metal NPs occur in the visible and NIR range of the electromagnetic spectrum [7]. 
Synthetizing the precisely controllable anisotropic noble metal NPs has proven to be an 
extremely powerful tool to tune the plasmon resonance for rendering them suitable for 
ultrasensitive detecting.

By varying the diameters of spherical noble metal NPs, the plasmon resonances of NPs can 
only be tuned in a relatively narrow wavelength range (always only tens of nanometers). 
However, the anisotropic shape NPs provide one or several additional degrees of freedom, 
which allows controlling the plasmon resonance wavelengths, ranging from the visible to 
the NIR range, by varying the aspect ratio (AR) of the nanorods (NRs) or other topography 
parameters of NPs.

This chapter focuses on recent researches on the most commonly used anisotropic Ag, Au, 
and so on noble metal NPs for SERS application. Herein, we focus on the intrinsic shape-
dependent SERS property of the precisely controlled anisotropic NPs, synthesized mainly in 
solution.

2. Nanorods

In the early twenty-first century, the seed-mediated Au and Ag NRs growth method was 
developed, and this method has become the most popular approach for Au and Ag NRs 
synthetizing [8]. In general, this method comprises two steps: (1) the synthetizing of the 
small metal NPs, that is, so-called “seeds” and (2) the overgrowing of the seed to the larger, 
mature metal NPs. In addition, the shape of the mature metal NPs can be controlled by 
using the different surfactants, salt precursors and solvents. In this method, the separation 
of the nucleation and growth of the nanocrystals synthesis process lead to precise control 
of shape and size and the high uniformity of the metal NRs. In 2001, the precisely size 
controlled Ag NRs were successfully synthetized by using silver nitrate as the Ag precur-
sor, ascorbic acid (A.A.) as the reductant and cetyltrimethylammonium bromide (CTAB) 
as the surfactant with the presence of Ag seeds and NaOH [9]. By reducing the amounts of 
NaOH, the ARs of the Ag NRs increased. As a pioneering Au NRs synthetizing research, 
the high-crystallinity colloidal Au NRs have been prepared with a high 90% shape yield by 
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Nikoobakht and El-Sayed [10]. But the Ag ions are always needed in the high shape yield 
Au NRs synthetic method [11].

The typical UV-vis-NIR spectra of Au and Ag NRs show two obvious plasmon bands, corre-
sponding to the transverse (short wavelength) and longitudinal modes (long wavelength). The 
transverse mode at ca. 520 nm can be hardly tuned, but the longitudinal mode can be precisely 
controlled by tuning the AR of noble metal NRs, and the intensity is much stronger than the trans-
verse mode as shown in Figure 1 [12]. The simulation and experimental studies of the external 
electromagnetic fields (E-field) distribution indicated that the high localized E-field enhancement 
at the noble metal NRs tips, so-called hot spots, along the dipolar longitudinal mode [13, 14].

Noble metal NRs are the most commonly used anisotropic SERS active substrate materials. 
Tailoring the LSPR relative to the laser excitation wavelength is one of the most significant 
approaches to obtain a high SERS signals. The search has indicated that the Ag NRs can 
 generate the higher E-field than that of Au NRs under the same wavelength of incident light. 
In addition, the E-field intensity increases with the increasing of AR for Ag NRs [15]. Han’s 
group developed an efficient platform for investigating the kinetics of catalytic reactions with 
SERS by using Au@AuPd NRs as the SERS active materials as shown in Figure 2 [16].

Figure 1. The optical properties and morphology of Au nanorods with different AR. (A) The UV-vis-NIR spectra of Au NRs 
with different ARs. (B) Relationship between longitudinal LSPR and AR. (C–F) Representative TEM images of Au NRs 
with different ARs. Scale bars: 100 nm. Adapted from Ref. [12] with permission, Copyright Royal Society of Chemistry.
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the most important factor restricting its applications [6]. However, the bottleneck can be 
overcome when the molecules are adsorbed onto a rough surface of noble metal NPs by 
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The results indicated that the Ag NRs show the high Raman enhancement than the Au NRs 
because of the stronger E-field of Ag NRs than that of Au NRs. This phenomenon can be 
attributed to higher plasmonic intensity at the tips of Ag NRs and higher Rayleigh scatter-
ing for Au NRs.

3. Nanoplates

Triangular nanoplates are the circular, triangular or hexagonal nanomaterials in which one 
of the dimensions is much smaller than the other two. The most commonly used SERS active 
substrate nanoplates are the Au and Ag nanotriangles and nanohexagons. Because of the 
sharp corners and edges, the nanotriangles exhibit the strong E-field enhancements. Figure 3 
shows the morphology and optical property of nanotriangles [17].

Au and Ag nanotriangles exhibit the excellent SERS signal because of the high generation 
of E-field, good assembling behavior and the tunability of the LSPR bands. Although the 
nanotriangles own the better optical property than that of NRs, the synthetic difficulties 
of nanotriangles restrict its application as the SERS active substrate materials. Study has 
shown that the Ag nanotriangles with sharp corners and edges exhibit the larger Raman 
enhancement than the rounded corner nanotriangles as shown in Figure 4 [18]. In addi-
tion, the zigzag edges of nanotriangles can generate a further enhancement compared 

Figure 2. (A) TEM image of the Au NRs seeds. (B) TEM image and (C) SEM image of the Au @AuPd NRs. (D) STEM 
images of Au@AuPd NRs taken along the [100], [110], and [001] axes (the first column, from the top down), and the 
corresponding elemental mappings for Au (the second column) and Pd (the third column); the last column shows 
combined mappings, in which the simultaneous presence of Au and Pd appears yellowish. (E) Successive SERS spectra 
of the reduction of 4-nitrothiophenol by H2 collected on a planar platform made of Au@AuPd NRs. Copyright American 
Chemical Society.
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to the straight edge nanotriangles. The most widely used Ag nanotriangles synthetizing 
methods include light-induced synthesis and wet chemistry methods. For the Ag nano-
triangles synthetizing methods, polyvinylpyrrolidone (PVP), cetyltrimethylammonium 
chloride (CTAC) or CTAB acting as the surfactants can induce the Ag growth to the plate-
like morphologies with sharp corners and edges [19]. For Au nanotriangles, Scarabelli 
et al. reported the controllable synthesis of Au nanotriangles with tunable size and high 
yield (95%) upon simple purification [17]. Tan et al. synthesized Ag nanotriangles with 
different edge lengths from 30 up to 210 nm with  corresponding LSPR band between 
485 nm and 1130 nm [20]. Ag nanotriangles SERS substrate was also used for biosensing 
and measured the E-field of adenosine triphosphate (ATP) with two different incident 
light wavelengths [20].

Figure 3. (A) TEM images of Au nanotriangles with different edge lengths (scale bar 500 nm). (B) UV-vis-NIR spectra 
of the Au nanotriangles depicted in TEM images (a–f). (C) SERS performance of Au NTs in solution for thiophenol 
(TP) excited at 785 nm and concentrations varying between 10−5 and 10−8 M. Adapted from Ref. [17] with permission, 
Copyright American Chemical Society.
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4. Nanocubes

From the synthetic angle, Ag nanocubes (NCs) can be easily obtained with high crystallinity, 
monodispersion and uniformity than that of Au NCs. In the most commonly used Ag NCs 
synthetizing method, the Ag ions of the AgNO3 are reduced by ethylene glycol in the pres-
ence of HCl and PVP [21, 22]. These Ag NCs were single crystals and were characterized by a 
slightly truncated shape bounded by {100}, {110} and {111} facets (Figures 5 and 6).

The synthesis of monodisperse Au NCs is still a huge challenge. The key parameters such as 
reproducibility and fine size control still require further optimization. The most commonly 
used synthetizing method is also based on seed-mediated growth, in combination with CTAC, 
CTAB or CPC (cetylpyridinium chloride) acting as the surfactants. By precisely controlling the 

Figure 4. (A) The simulation results of Ag nanotriangles with curved, straight and zigzag edges, using finite-difference 
time-domain (FDTD) calculations. (B and C) E-field amplitude patterns of nanotriangles with E-field along the x-axis 
(Ex) and y-axis (Ey), for B and C, respectively. Adapted from Ref. [18] with permission, Copyright Wiley-VCH.
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dynamic process, reductant concentration and the selective absorption facet of surfactants, the 
Au NCs can be obtained with requested shape and single crystal structure [23]. The simula-
tion results indicated that the dipolar LSPR charges of Ag and Au NCs tend to accumulate at 
corner sites [24, 25]. Due to the strong LSPR and hot spots highly localized at corners, NCs are 
excellent candidates as SERS substrates. When the other symmetric Au NPs such as rhombic 
dodecahedra and octahedra were used as the SERS active substrate materials, the SERS signal 
of these Au NPs was still observed [26].

Because certain facets show higher chemical activities, concave NCs can also be prepared via 
modifications of the seed-mediated growth method, where CTAC provides control over the 
concave morphology of the final product. Thereby, the concave NCs can effectively enhance 
the performance as the SERS active substrates. The LSPR band of concave NCs red-shift obvi-
ously compared to the NCs with flat faces. Because of the sharp corner of concave NCs, the 
higher E-field enhancements can be expected [27].

Figure 5. (A) Low- and (B) high-magnification SEM images of Ag NCs. (C) The TEM image of the same batch of Ag 
NCs. Inset: Diffraction pattern of an individual cube. (D) The XRD pattern of the Ag NCs. Adapted from Ref. [22] with 
permission, copyright science.
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When the inner atoms are etched, the nanocubes can be transformed to nanocages. Galvanic 
replacement is the most common method for synthetizing hollow nanocages. Au nanocages can 
be created by galvanic replacement by using Ag NCs as the templates with chloroauric acid in 
water phase [21]. A valuable property of Au nanocages is the red-shifting of LSPR bands into the 
NIR range, which is particularly useful for biological sensing and detecting applications. In addi-
tion, the galvanic replacement can also produce the bimetallic Au-Ag alloy nanocages, in which 
the SERS intensity shows a strong relationship between excitation wavelength and Au [28].

5. Nanostars

Nanostars and nanoflowers, so-called branched NPs, are formed by a central body and sev-
eral arms or tips. These nanoarms and tips can effectively enhance the Raman scattering 
signal. A lot of synthetic methods based on wet chemistry, for example, the seed-mediated 
growth and other methods, have been reported for the preparation of nanostars for Au, Ag 
and other noble metals. For the seed-mediated growth method, in the presence of Ag ions, 

Figure 6. (A–D) TEM images of nanocages at degrees of galvanic replacement. (E) UV-vis-NIR spectra of nanocages with 
varying Au amounts. (F and G) SERS spectra of 1,4-BDT with nanocages used as the SERS substrate. Adapted from Ref. 
[28] with permission, copyright Royal Society of Chemistry.
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Au ion can be reduced by ascorbic acid and CTAB or CTAC acting as the surfactants or using 
N,N-dimethyl-formamide (DMF) as solvent and reductant in the presence of PVP as surfac-
tant. For template-based methods, using mesoporous silica as the template, Au nanotips can 
be grown on the surface of mesoporous silica. The seed-mediated growth method can also be 
used to synthetize Ag nanostars. In the presence of the sodium polyacrylate as the seeds, Ag 
ion can be reduced to Ag nanostars by ascorbic acid as the reductant.

The UV-vis-NIR spectra of Au nanostars indicate that it shows a plasmon band in the range 
from 600 nm to 1200 nm, corresponding to tailor the sharpness and/or AR of the tips as shown 
in Figure 7 [29, 30]. EELS mapping showed an extremely high E-field intensity at the tips of 
the nanostars, which can enhance the Raman signal efficiently [31].

Nanostars show a higher E-field at the resonance wavelength than that of NRs or nanospheres 
with the similar dimers. The SERS detection limit can achieve to enhance the Raman signal via the 
plasmon coupling between the adjacent Au tips or between the Au tips and Au core. Au nanostars 
acting as the SERS active substrate material can achieve an ultra-sensitive 4-mercaptobenzoic 
acid (4-MBA) detection, with the detection limits as low as 10 fM [32]. Based on the SIE-MoM, by 
increasing the surface coverage, the relatively constant enhancement can be observed [33].

Figure 7. (a) Optical properties of Au nanostars with different branching degrees. An increase in the branching produces a 
red-shift in the corresponding spectra. Adapted from Ref. [30] with permission, Copyright IOP Publishing. (b and c) TEM 
images of Au nanostars. (d) SERS spectra of Texas red (TR) dye bound to Au nanostar dimers with average gaps of 7 nm 
(curve (i)) and 13 nm (curve (ii)), and TR dye bound to Au nanostar monomer on DNA origami (curve (iii)) and bulk TR dye 
(curve (iv)) recorded using 532 nm laser. Adapted from Ref. [34] with permission, Copyright American Chemical Society.
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red-shift in the corresponding spectra. Adapted from Ref. [30] with permission, Copyright IOP Publishing. (b and c) TEM 
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6. Conclusions and outlook

In summary, the synthesis of precisely controllable anisotropic NPs, with high uniformity 
and yield, plays the significant role in the SERS detection and imaging. This chapter has dem-
onstrated that the recent research efforts to synthesize the anisotropic noble metal NPs with 
different morphologies, the E-field distribution, the key morphological parameters to achieve 
the strong E-field and ultra-sensitive SERS detection. The biggest influence of SERS perfor-
mance is the effective near-field Raman scattering enhancement, which can be achieved by 
tuning the LSPR wavelength of the anisotropic noble metal NPs matching with the excitation 
light wavelength to induce the strong plasmon oscillation. In addition, the anisotropic NPs 
with high curvature give rise to the highest polarizability at the corners and edges. Many 
other factors can also powerfully impact the SERS signal output, for example, the binding 
affinities of analytes to the SERS active materials, the stability of the analyte-NPs system and 
so on. The interplay of these factors offers a huge potential for the NPs used as SERS active 
material, and the multifunctional design of the anisotropic noble metal NPs can be applied for 
the specific application and creates the next generation SERS substrate.
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6. Conclusions and outlook

In summary, the synthesis of precisely controllable anisotropic NPs, with high uniformity 
and yield, plays the significant role in the SERS detection and imaging. This chapter has dem-
onstrated that the recent research efforts to synthesize the anisotropic noble metal NPs with 
different morphologies, the E-field distribution, the key morphological parameters to achieve 
the strong E-field and ultra-sensitive SERS detection. The biggest influence of SERS perfor-
mance is the effective near-field Raman scattering enhancement, which can be achieved by 
tuning the LSPR wavelength of the anisotropic noble metal NPs matching with the excitation 
light wavelength to induce the strong plasmon oscillation. In addition, the anisotropic NPs 
with high curvature give rise to the highest polarizability at the corners and edges. Many 
other factors can also powerfully impact the SERS signal output, for example, the binding 
affinities of analytes to the SERS active materials, the stability of the analyte-NPs system and 
so on. The interplay of these factors offers a huge potential for the NPs used as SERS active 
material, and the multifunctional design of the anisotropic noble metal NPs can be applied for 
the specific application and creates the next generation SERS substrate.

Author details

Meng Xu and Jiatao Zhang*

*Address all correspondence to: zhangjt@bit.edu.cn

Beijing Key Laboratory of Construction-Tailorable Advanced Functional Materials and 
Green Applications, School of Materials Science and Engineering, Beijing Institute of 
Technology, Beijing, China

References

[1] Lane LA, Qian X, Nie S. Chemical Reviews. 2015;115:10489

[2] Moskovits M. Journal Raman Spectroscopy. 2005;36:485

[3] Smith WE. Chemical Society Reviews. 2008;37:955

[4] Willets KA, Van Duyne RP. Annual Review of Physical Chemistry. 2007;58:267

[5] McCreery RL. Raman Spectroscopy for Chemical Analysis Measurement Science and 
Technology. 2001;12:653

[6] Fleischmann M, Hendra PJ, McQuillan AJ. Raman Spectra of Pyridine Adsorbed at a 
Silver Electrode Chemical Physics Letters. 1974;26:163

[7] Jiang RB, Li BX, Fang CH, Wang JF. Metal/Semiconductor Hybrid Nanostructures for 
Plasmon-Enhanced Applications Advanced Materials. 2014;26:5274

Raman Spectroscopy64

[8] Chen H, Shao L, Li Q, Wang J. Gold Nanorods and Their Plasmonic Properties Chemical 
Society Reviews. 2013;42:2679

[9] Jana NR, Gearheart L, Murphy CJ. Wet Chemical Synthesis of Silver Nanorods and 
Nanowires of Controllable Aspect Ratio Chemical Communications. 2001:617

[10] Nikoobakht B, El-Sayed MA. Preparation and Growth Mechanism of Gold Nanorods 
(NRs) Using Seed-Mediated Growth Method Chemistry of Materials. 2003;5:1957

[11] Ye X, Zheng C, Chen J, Gao Y, Murray CB. Preparation and Growth Mechanism of Gold 
Nanorods (NRs) Using Seed-Mediated Growth Method Nano Letters. 2013;13:765

[12] Reguera J, Langer J, de Aberasturiab DJ, Liz-Marzán LM. Anisotropic Metal Nanopar-
ticles for Surface Enhanced Raman Scattering Chemical Society Reviews. 2017;46:3866

[13] Chu MW, Myroshnychenko V, Chen CH, Deng JP, Mou CY, García de Abajo FJ. Probing 
Bright and Dark Surface-Plasmon Modes in Individual and Coupled Noble Metal 
Nanoparticles Using an Electron Beam Nano Letters. 2009;9:399

[14] Guiton BS, beriV I, Li S, Leonard DN, Parish CM, Kotula PG, Varela M, Schatz GC, 
Pennycook SJ, Camden JP. Correlated Optical Measurements and Plasmon Mapping of 
Silver Nanorods Nano Letters. 2011;11:3482

[15] Orendorff CJ, Gearheart L, Jana NR, Murphy CJ. Aspect Ratio Dependence on Surface 
Enhanced Raman Scattering Using Silver and Gold Nanorod Substrates Physical 
Chemistry Chemical Physics. 2006;8:165

[16] Huang JF, Zhu YH, Lin M, Wang QX, Zhao L, Yang Y, Yao KX, Han Y. Site-specific 
growth of Au−Pd alloy horns on Au nanorods: A platform for highly sensitive monitor-
ing of catalytic reactions by surface enhancement Raman spectroscopy. Journal of the 
American Chemical Society. 2013;135:8552

[17] Scarabelli L, Coronado-Puchau M, Giner-Casares JJ, Langer J, Liz-Marzán LM. Monodis-
perse Gold Nanotriangles: Size Control, Large-Scale Self-Assembly, and Performance in 
Surface-Enhanced Raman Scattering. ACS Nano. 2014;8:5833

[18] Yang Y, Zhong XL, Zhang Q, Blackstad LG, Fu ZW, Li ZY, Qin D. The Role of Etching in 
the Formation of Ag Nanoplates with Straight, Curved and Wavy Edges and Comparison 
of Their SERS PropertiesSmall. 2014;10:1430

[19] Qian H, Xu M, Li W, Ji M, Cheng L, Shoaib A, Liu J, Jiang L, Zhu H, Zhang JT. Surface 
Micro/nanostructure Evolution of Au–Ag Alloy Nanoplates: Synthesis, Simulation, 
Plasmonic Photothermal and Surface-enhanced Raman Scattering ApplicationsNano 
Research. 2016;9:876

[20] Tan T, Tian C, Ren Z, Yang J, Chen Y, Sun L, Li Z, Wu A, Yin J, Fu H. LSPR-dependent 
SERS Performance of silver Nanoplates with Highly Stable and Broad Tunable LSPRs 
Prepared through an Improved Seed-mediated Strategy Physical Chemistry Chemical 
Physics. 2013;15:21034

Precisely Controllable Synthesized Nanoparticles for Surface Enhanced Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.73086

65



[21] Skrabalak SE, Au L, Li X, Xia Y, Facile synthesis of Ag nanocubes and Au nanocages 
Nature Protocols. 2007;2:2182

[22] Sun YG, Xia YN. Shape-Controlled Synthesis of Gold and Silver Nanoparticles Science. 
2002;298:2176

[23] O’Brien MN, Jones MR, Brown KA, Mirkin CAJ. American Chemical Society. 2014;136: 
7603

[24] Cortie MB, Liu F, Arnold M D, Niidome Y. Multimode Resonances in Silver Nanocuboids 
Langmuir. 2012;28:9103

[25] Wiley BJ, Im SH, Li ZY, McLellan J, Siekkinen A, Xia Y. Maneuvering the Surface 
Plasmon Resonance of Silver Nanostructures through Shape-Controlled Synthesis. J. 
Physical Chemistry B. 2006;110:15666

[26] Wu H-L, Tsai H-R, Hung Y-T, Lao K-U, Liao C-W, Chung P-J, Huang J-S, Chen I-C, Huang 
MH. A Comparative Study of Gold Nanocubes, Octahedra, and Rhombic Dodecahedra 
as Highly Sensitive SERS Substrates Inorganic Chemistry. 2011;50:8106

[27] Romo-Herrera JM, Gonzalez AL, Guerrini L, Castiello FR, Alonso-Nunez G, Contreras OE, 
Alvarez-Puebla  RA. A Study of the Depth and Size of Concave Cube Au Nanoparticles 
as Highly Sensitive SERS Probes Nanoscale. 2016;8:7326

[28] Rycenga M, Hou KK, Cobley CM, Schwartz AG, Camargo PHC, Xia Y. Probing the Surface-
Enhanced Raman Scattering Properties of Au–Ag Nanocages at Two Different Excitation 
Wavelengths Physical Chemistry Chemical Physics. 2009;11:5903

[29] Niu W, Chua YAA, Zhang W, Huang H, Lu X. Highly Symmetric Gold Nanostars: 
Crystallographic Control and Surface-Enhanced Raman Scattering Property J. American 
Chemical Society. 2015;137:10460

[30] Yuan H, Khoury CG, Hwang H, Wilson CM, Grant GA, Vo-Dinh T. Gold Nanostars: 
Surfactant-free Synthesis, 3D Modelling, and Two-photon Photoluminescence Imaging 
Nanotechnology. 2012;23:075102

[31] Kumar PS, Pastoriza-Santos I, Rodríguez-González B, Javier García de Abajo F, Liz-Marzan 
LM. High-yield Synthesis and Optical Response of Gold NanostarsNanotechnology. 
2008;9:015606

[32] Indrasekara ASDS, Meyers S, Shubeita S, Feldman LC, Gustafsson T, Fabris L. Gold 
Nanostar Substrates for SERS-based Chemical Sensing in the Femtomolar Regime 
Nanoscale. 2014;6:8891

[33] Solís DM, Taboada JM, Obelleiro F, Liz-Marzán LM, García de Abajo FJ. Optimization 
of Nanoparticle-Based SERS Substrates through Large-Scale Realistic Simulations ACS 
Photonics. 2017;4:329

[34] Tanwar S, Haldar KK, Sen T. DNA Origami Directed Au Nanostar Dimers for Single-
Molecule Surface-Enhanced Raman Scattering. Journal of the American Chemical Society. 
2017;139:17639

Raman Spectroscopy66

Chapter 5

Nanoscale Insights into Enhanced Raman Spectroscopy

Izabela Rzeznicka and Hideyuki Horino

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72284

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.72284

Nanoscale Insights into Enhanced Raman Spectroscopy

Izabela Rzeznicka and Hideyuki Horino

Additional information is available at the end of the chapter

Abstract

Enhanced Raman spectroscopies, such as surface-enhanced Raman spectroscopy (SERS) 
and tip-enhanced Raman spectroscopy (TERS), are based on the amplification of intrinsi-
cally weak Raman signals of a molecule by metallic nanostructures. The main enhance-
ment is attributed to electromagnetic enhancement. Chemical effects, such as formation 
of a surface complex, or a charge-transfer complex, co-adsorbed anion effect, also add 
to the enhancement of the signal. Using SERS, it has been difficult to study details of 
chemical enhancement and polarization effects due to limited optical resolution of the 
technique and usage of roughened metal surfaces. These obstacles were overcome with 
the development of the TERS technique. TERS has extended Raman spectroscopy into the 
nanoscale region. In this chapter, nanoscale insights into surface chemistry that lead to 
Raman signal enhancement are described. The effect of molecular binding and orienta-
tion as well as commonly used in SERS chloride activation of metal surfaces is discussed. 
Finally, we describe the future prospects of TERS and the challenges that keep us from 
harnessing the full potential of the technique.

Keywords: tip-enhanced Raman spectroscopy, surface-enhanced Raman spectroscopy, 
scanning tunneling microscopy, halogen overlayer, bipyridine, chemical enhancement, 
molecular orientation, Raman tensor

1. Introduction

Raman spectroscopy is an analytical technique based on inelastic scattering of light. The light 
scattered by a molecule shows a wavenumber shift with respect to the excitation line. This 
effect was first described by C. V. Raman in 1928 and quickly became used as a powerful 
method for identifying molecules through their vibrational motions [1]. However, until the 
1970s, Raman spectroscopy did not receive much attention of scientists working in the field of 
surface analysis. This is because intrinsic Raman scattering cross-sections of molecules is small, 
on the order of 10−32 cm2 sr−1 per molecule [2]. The observation of Raman signal  enhancement of 
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Enhanced Raman spectroscopies, such as surface-enhanced Raman spectroscopy (SERS) 
and tip-enhanced Raman spectroscopy (TERS), are based on the amplification of intrinsi-
cally weak Raman signals of a molecule by metallic nanostructures. The main enhance-
ment is attributed to electromagnetic enhancement. Chemical effects, such as formation 
of a surface complex, or a charge-transfer complex, co-adsorbed anion effect, also add 
to the enhancement of the signal. Using SERS, it has been difficult to study details of 
chemical enhancement and polarization effects due to limited optical resolution of the 
technique and usage of roughened metal surfaces. These obstacles were overcome with 
the development of the TERS technique. TERS has extended Raman spectroscopy into the 
nanoscale region. In this chapter, nanoscale insights into surface chemistry that lead to 
Raman signal enhancement are described. The effect of molecular binding and orienta-
tion as well as commonly used in SERS chloride activation of metal surfaces is discussed. 
Finally, we describe the future prospects of TERS and the challenges that keep us from 
harnessing the full potential of the technique.
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1. Introduction

Raman spectroscopy is an analytical technique based on inelastic scattering of light. The light 
scattered by a molecule shows a wavenumber shift with respect to the excitation line. This 
effect was first described by C. V. Raman in 1928 and quickly became used as a powerful 
method for identifying molecules through their vibrational motions [1]. However, until the 
1970s, Raman spectroscopy did not receive much attention of scientists working in the field of 
surface analysis. This is because intrinsic Raman scattering cross-sections of molecules is small, 
on the order of 10−32 cm2 sr−1 per molecule [2]. The observation of Raman signal  enhancement of 
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molecules adsorbed on roughened metal surfaces was a corner stone in the development of a 
family of enhanced vibrational spectroscopies with the surface-enhanced Raman spectroscopy 
(SERS) being the most widely practiced [3–5]. In SERS, Raman signals are amplified by plac-
ing a molecule in the vicinity of metal nanostructures. A large number of papers have been 
published over a period of 40 years on the origin of Raman signal enhancement on SERS active 
substrates [6–8]. Consequently, the overall enhancement of the signal has been attributed to 
two main mechanisms: electromagnetic enhancement (EME) and chemical enhancement (CE).

EME is explained by the enhancement of the electromagnetic field at the molecule’s position by 
excitation of the localized surface plasmon resonances of metallic nanostructures [9, 10]. Basic 
EME is now well understood and believed to be the major contribution to the enhancement of 
Raman signals on SERS active substrates. In the process, both the incoming and outgoing field 
is amplified. For a single molecule, basic EME, excluding polarization effects and tensorial 
nature of the Raman polarizability, scales as E4, where E is the intensity of the electromagnetic 
field. Polarization effects influence signal intensity but in a more complex way, depending on 
the symmetry of the vibrational mode. Moskovits, in his 1982 work, described Raman surface 
selection rules, that is, modification of band intensities for a molecule adsorbed on a flat metal 
surface [11]. Experimental justification of polarization effects requires Raman data obtained 
on flat metal surfaces and a nanoscale characterization of the environment in which a mol-
ecule is present. With the development of tip-enhanced Raman spectroscopy (TERS), we can 
now define the nanoscale environment of a molecule and correlate it directly with the Raman 
signal. It is expected that polarization studies in TERS settings, supported by calculations of 
the Raman polarizability tensor components of a molecule, will bring further insights into 
mechanism of Raman signal enhancement and surface selection rules.

CE describes various effects affecting the Raman polarizability αR with respect to the   α  0  R    of a 
free molecule [12]. Among them is the formation of a metal-molecule complex, anion and field 
gradient effects [8, 13–16]. CE can be separated into a resonant and nonresonant mechanism. 
The resonant mechanism is discussed based on the strength of a metal-molecule coupling. 
In the weak coupling regime, the molecular electronic states may shift and broaden upon 
their interaction with the metal, and enhancement of the Raman scattering can be achieved 
by the resonance Raman effect, in which the incident beam is in resonance with the electronic 
excitation of a molecule. In the strong coupling regime (chemisorption), new electronic states 
appear, so-called charge-transfer (CT) states that act as intermediate states in Raman scatter-
ing [6, 17, 18]. The enhancement of the signal is due to resonance of the incident beam with an 
excitation from the metal to the molecule or vice versa. The nonresonant effect, called the static 
chemical enhancement, involves various effects, such as the binding geometry of the adsor-
bate, the influence of co-adsorbed anions and the presence of non-zero static electric fields 
[14–16, 19, 20]. It has been difficult to investigate how these effects influence the strength of 
the Raman signals as the signals measured in SERS are averaged over the diffraction-limited 
spot. A deeper understanding of CE requires Raman studies with nanoscale resolution aided 
by suitable electronic structure calculations of the molecule-metal system.

Combining Raman spectroscopy with scanning probe microscopy into so-called TERS has 
made it possible to investigate CE and EME in detail with nanoscale resolution [21, 22]. TERS is 
an offspring of SERS, in which a “hot spot” is created between a metallic tip and a flat surface. 
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The TERS technique eliminates the need for rough or nanostructured surfaces, allowing for 
investigation of the details of molecular adsorption under well-defined conditions. The biggest 
advantage of TERS over SERS is its capability to acquire Raman signals and nanoscale images 
of the molecule adsorbed on a solid substrate simultaneously.

In this chapter, readers will be introduced to the experimental and theoretical aspects of TERS 
based on a scanning-tunneling microscopy (STM-TERS). Subsequently, the results of TERS 
studies of molecules adsorbed on flat metal surfaces are summarized with an emphasis on 
the molecular orientation and surface selection rules. Later, the effect of chlorine activation 
of metal surfaces on the adsorption of organic molecules and halogen overlayer-templated 
growth of surface-grown metal-organic layered structures are described. At the end of the 
chapter, future prospects and challenges of TERS in studies of molecular adsorption on metal 
surfaces are discussed.

2. Tip-enhanced Raman spectroscopy

2.1. TERS technique: a historical overview

Nanoscale vibrational spectroscopy has been a longstanding dream of scientists working in vari-
ous fields. In the early 1980s, a scanning tunneling microscope was invented which brought us 
the capability to explore surfaces with unprecedented subnanometer scale resolution [23]. Later 
on, images of molecules adsorbed on metal and semiconductor surfaces were obtained [24]. STM 
is based on a tunneling current between a conductive surface and a sharp metallic tip. In the basic 
mode of operation, STM does not yield vital chemical information, and formation of surface com-
plexes cannot be confirmed. Consequently, inelastic electron tunneling spectroscopy (IETS) was 
developed to obtain chemical information from single molecules adsorbed on metal surfaces [25]. 
Despite its ultimate resolution and sensitivity, IETS has not evolved into a common nanoscale 
vibrational spectroscopic method. This is because IETS is a very challenging technique requiring 
low temperature, ultra-high vacuum conditions and ultra-low noise electronics.

From the development of the field of plasmonics and the demonstration of large electromag-
netic field enhancement in SERS experiments, the idea of nanoscale vibrational spectroscopy 
on surfaces using Raman scattering has been brought to life [26]. Raman spectroscopy has 
many advantages as it is based on the optical response of the system and can be applied under 
ambient conditions and in water. However, Raman scattering is intrinsically a very weak pro-
cess with only one in every 106−108 incident photons being scattered [27]. Theoretical reports 
in the late 1990s showed that the electric field at the metallic tip end is dramatically enhanced 
under certain polarization direction [28]. This report inspired scientists working in the field 
of optical microscopy and surface science to utilize the enhancement effect to develop a high-
resolution molecular spectroscopic technique. The Kawata group in Japan and the Zenobi 
group in Switzerland simultaneously reported TER spectra from multilayers of organic mol-
ecules deposited on a glass surface using a metalized cantilever probe of an atomic force 
microscope (AFM) [21, 22]. Later, Pettinger et al. reported TER spectra from the monolayer 
of malachite green adsorbed on CN− modified gold surface, using STM tip [29]. Ultimate 
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mode of operation, STM does not yield vital chemical information, and formation of surface com-
plexes cannot be confirmed. Consequently, inelastic electron tunneling spectroscopy (IETS) was 
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Despite its ultimate resolution and sensitivity, IETS has not evolved into a common nanoscale 
vibrational spectroscopic method. This is because IETS is a very challenging technique requiring 
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ecules deposited on a glass surface using a metalized cantilever probe of an atomic force 
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sensitivity and resolution of a single molecule were demonstrated in 2008 with TERS optics 
incorporated into ultra-high vacuum environment (UHV-TERS) [30]. Over the last decade, 
TERS has been adapted as an analytical tool in chemistry, biology and materials science [31].

2.2. Experimental aspects of STM-TERS

2.2.1. Tip fabrication and related issues

A sharp metallic tip is a central part of the TERS setup and its quality (size and shape) defines the 
spatial resolution of TERS and, to some extent, the magnitude of the enhanced field. Owing to its 
importance, several papers have discussed various tip fabrication methods [32–34]. Tips are usu-
ally made of gold or silver as these metals have plasmon resonances in the visible region of the 
electromagnetic spectrum. Electrochemical etching is a common method to prepare the tips. In a 
typical procedure, Au tips are prepared by direct current electrochemical etching in a 50:50 (v:v) 
mixture of concentrated HCl and ethanol. Au wire (a tip after etching) serves as the anode and a 
gold or platinum ring acts as the cathode. The end of the Au wire is submerged 1–2 mm into the 
solution at the center of the gold ring. A voltage in the range of 1.7–2.5 V is applied between the 
cathode and the anode. The etching reaction proceeds until the electrochemical current drops to 
zero. Typically tips with a tip-apex size in the range of 20–50 nm are obtained in this way.

2.2.2. Optical geometries

TERS requires integration of STM/AFM with the optical components used in Raman spec-
troscopy. Various optical geometries have been adapted in the past 15 years to work with a 
variety of different samples [34]. They include a bottom-, side-, top- and a parabolic mirror 
illumination depicted in Figure 1. Each geometry has its own advantages and disadvantages, 
which are summarized hereafter.

The bottom illumination geometry (Figure 1a), in which the incident laser light is fed through 
the microscope objective placed at the bottom and the rear side of the sample, is not prac-
ticed among STM-based TERS users as it requires transparent samples. This geometry is com-
monly used in AFM-based TERS, in which an inverted optical microscope platform is used. 
The advantage of this geometry is a very high collection efficiency of scattered light as oil-
immersion objectives with a high numerical aperture (NA) can be used. Recently, the Deckert 
group has modified the bottom illumination geometry to work with opaque samples by using 

Figure 1. Four common optical geometries used in TERS (a) bottom illumination, (b) side illumination, (c) top illumination, 
(d) parabolic mirror illumination.
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a dichroic mirror and passing the incident light through the transparent side of the opaque 
sample [35]. The bottom illumination is well suited for biological samples.

Side illumination (Figure 1b) is the most commonly used setup in TERS built on STM. In this 
geometry, the incoming laser light as well as the outgoing scatter signal is collected by a long 
working distance microscope objective placed at an angle in the range of 45–70° relative to the 
tip axis that maximizes the electric light component along the tip axis. The advantage of this 
geometry is an easy integration with commercial STM setups. It can be used both for trans-
parent and nontransparent samples. However, only conductive samples can be studied. The 
disadvantage of the side illumination geometry is relatively low collection efficiency in com-
parison to the bottom light illumination geometry. This is because objective lenses with a low 
numerical aperture are employed due to space restriction around the STM tip. Another disad-
vantage of the side illumination geometry is an asymmetric illumination of the tip, which leads 
to larger spot size and higher far-field background. In addition to tip resonances, so-called gap 
mode resonances can be excited in the side illumination geometry [36, 37]. They play a big role 
in the enhancement of the signal when the distance of the tip to the surface is below 2 nm [38]. 
Excitation of the gap-mode resonances improves sensitivity and resolution of the TERS tech-
nique. The side illumination geometry is widely used in the field of surface science.

Top illumination (Figure 1c) is the second most commonly used geometry in the STM-TERS 
community. This geometry makes focusing of the incident beam on the STM tip easier. The tip 
is placed at an angle to the surface with the microscope objective placed normal to the surface. 
Although some of the scattered light is shadowed by the tip, this geometry offers still higher exci-
tation and collection efficiency than the side-illumination geometry does. Another advantage is a 
reduction in the far-field background. Both opaque and transparent samples can be studied. This 
geometry is ideally suited for investigating nanoscale phenomena on silicon or graphene samples.

A geometry utilizing a parabolic mirror (Figure 1d) was first demonstrated by researchers work-
ing with an STM unit operating in UHV conditions [30]. It was developed in order to increase 
the collection efficiency by allowing collection of light from all directions. In this geometry, a hole 
is made in a parabolic mirror to accommodate the STM tip. STM-TERS setups with a parabolic 
mirror work in a reflection mode, allowing both opaque and transparent samples to be studied. 
Compared to the side and top illumination geometries, the parabolic mirror geometry offers high 
collection efficiency. Two major disadvantages of this geometry are: it is difficult to integrate into 
commercial STM units and optical alignment is difficult. A small angular mismatch results in 
defocusing of the laser spot and loss of the signal. Thus, this geometry has not been widely used.

2.3. Understanding TERS

The origin of Raman signal enhancement in TERS is similar to that in SERS, which is due to 
EME and CE. In contrast to SERS, in which Raman signals are obtained from multiple hot 
spots across the surface, the signal in TERS originates from one central hot spot, which is cre-
ated between the apex of a tip and a flat metal substrate.

Various effects, such as electrostatic lightening rod effect, excitation of localized surface plas-
mon polaritons (SPPs) on the tip and antenna resonances, contribute to EM field enhancement 
[39]. The lightening rod effect is independent of the excitation wavelength. On the other hand,  
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a dichroic mirror and passing the incident light through the transparent side of the opaque 
sample [35]. The bottom illumination is well suited for biological samples.

Side illumination (Figure 1b) is the most commonly used setup in TERS built on STM. In this 
geometry, the incoming laser light as well as the outgoing scatter signal is collected by a long 
working distance microscope objective placed at an angle in the range of 45–70° relative to the 
tip axis that maximizes the electric light component along the tip axis. The advantage of this 
geometry is an easy integration with commercial STM setups. It can be used both for trans-
parent and nontransparent samples. However, only conductive samples can be studied. The 
disadvantage of the side illumination geometry is relatively low collection efficiency in com-
parison to the bottom light illumination geometry. This is because objective lenses with a low 
numerical aperture are employed due to space restriction around the STM tip. Another disad-
vantage of the side illumination geometry is an asymmetric illumination of the tip, which leads 
to larger spot size and higher far-field background. In addition to tip resonances, so-called gap 
mode resonances can be excited in the side illumination geometry [36, 37]. They play a big role 
in the enhancement of the signal when the distance of the tip to the surface is below 2 nm [38]. 
Excitation of the gap-mode resonances improves sensitivity and resolution of the TERS tech-
nique. The side illumination geometry is widely used in the field of surface science.

Top illumination (Figure 1c) is the second most commonly used geometry in the STM-TERS 
community. This geometry makes focusing of the incident beam on the STM tip easier. The tip 
is placed at an angle to the surface with the microscope objective placed normal to the surface. 
Although some of the scattered light is shadowed by the tip, this geometry offers still higher exci-
tation and collection efficiency than the side-illumination geometry does. Another advantage is a 
reduction in the far-field background. Both opaque and transparent samples can be studied. This 
geometry is ideally suited for investigating nanoscale phenomena on silicon or graphene samples.

A geometry utilizing a parabolic mirror (Figure 1d) was first demonstrated by researchers work-
ing with an STM unit operating in UHV conditions [30]. It was developed in order to increase 
the collection efficiency by allowing collection of light from all directions. In this geometry, a hole 
is made in a parabolic mirror to accommodate the STM tip. STM-TERS setups with a parabolic 
mirror work in a reflection mode, allowing both opaque and transparent samples to be studied. 
Compared to the side and top illumination geometries, the parabolic mirror geometry offers high 
collection efficiency. Two major disadvantages of this geometry are: it is difficult to integrate into 
commercial STM units and optical alignment is difficult. A small angular mismatch results in 
defocusing of the laser spot and loss of the signal. Thus, this geometry has not been widely used.

2.3. Understanding TERS

The origin of Raman signal enhancement in TERS is similar to that in SERS, which is due to 
EME and CE. In contrast to SERS, in which Raman signals are obtained from multiple hot 
spots across the surface, the signal in TERS originates from one central hot spot, which is cre-
ated between the apex of a tip and a flat metal substrate.

Various effects, such as electrostatic lightening rod effect, excitation of localized surface plas-
mon polaritons (SPPs) on the tip and antenna resonances, contribute to EM field enhancement 
[39]. The lightening rod effect is independent of the excitation wavelength. On the other hand,  
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excitation of SPPs is wavelength dependent with maximum field enhancement achieved when 
the laser energy coincides with the localized surface plasmon resonances of the tip. Finite-
difference time domain (FDTD) calculations show that the magnitude of the enhancement due 
to plasmon excitation depends on the laser light polarization, tip radius and dielectric properties 
of the surrounding medium [38]. In-plane light polarization (p-polarization, parallel to the tip 
axis) gives much higher enhancement than the out-of-plane polarization (s-polarization) does. 
The maximum enhancement is predicted for tips with the apex radius of 15–20 nm [38]. Tips 
made of silver provide higher enhancement when visible light excitation is used. Figure 2 shows 
all possible effects contributing to the enhancement of the signal in TERS.

When the tip-metal surface distance is smaller than 2 nm, additional EM field enhancement is 
observed. At this distance, LSP of the tip and a metal interact with each other to form hybrid-
ized modes, called gap modes [37]. The enhancement due to excitation of the gap mode 
resonances depends strictly on the tip-metal surface separation [40, 41]. The gap modes are 
efficiently excited when D/R < 1, where D is the distance of the particle from the surface and 
R is the radii of the tip apex. The enhancement of the scattered light intensity is found to be as 
high as 1012 for a 20 nm radius gold tip and tip-substrate separation of 1 nm [38]. Such small 
tip-substrate separations are easily controlled by the tunneling feedback function of the STM.

CE due to chemisorption, formation of a surface-complex and anion surface modification can be 
studied with excellent resolution using STM-TERS. These studies began in the field of surface 
science. A resonance enhancement of 106 has been reported by Pettinger et al. for a malachite 
green molecule adsorbed on an Au(111) surface [42]. Ren et al. have shown that Raman signal 
can be obtained from monolayers of non-resonant molecules with weak Raman cross-sections 
[43]. Observed frequency shifts between Au and Pt surfaces indicate that TERS is sensitive 
enough to identify molecular orientation and revealed details of molecule-surface interaction.

Figure 2. Possible CE and EME effects contributing to Raman signal enhancement in TERS.
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Although simultaneous observation of Raman and infrared (IR) vibrational modes are exclu-
sive to each other in the case of centrosymmetric molecules, some TER spectra published in 
the literature show the presence of IR active or silent modes [44]. Polbutko explained appear-
ance of these lines due to strong quadrupole light-molecule interactions arising from strongly 
inhomogeneous electromagnetic fields, which exist near rough metal surface [45].

The Dong group has recently demonstrated sub-nanometer resolution in TERS experiments 
[46]. As subnanometer resolution is difficult to understand in terms of the classical electromag-
netic theory, these results have inspired theoreticians to work on proposing new mechanisms 
that could explain the results. Duan and Luo have proposed involvement of nonlinear optical 
processes [47]. Creation of an “atomic-scale hot spot” has also been proposed [48]. In addition, 
multiple elastic scattering of light between molecular dipoles adsorbed on the surface has been 
proposed to explain the improved signal intensity and TERS spatial resolution [49].

The ultimate goal to understand TERS from molecules adsorbed on metal surfaces is to under-
stand how relative intensities of Raman lines depend on the molecular orientation and polarization 
direction of the excitation light. These studies are still challenging as there are many parameters, 
such as molecular binding geometry, Raman tensors and direction of local field polarization, that 
have to be determined. It is still not possible to formulate rules similar to the IR metal surface-
selection rule (SSR). The IR SSR states that, for a molecule adsorbed on a metal surface, vibra-
tional modes having a dipole moment perpendicular to the surface are the most enhanced [50]. 
Moskovits described the concept of SSR in SERS experiments for flat metal surfaces [11]. The 
author’s work in 1982 gave theoretical grounds for local field polarization. Recently, Ru et al. have 
experimentally validated Moskovits theory by studying polarization and incident angle depen-
dences of the SERS signals [51]. Similar studies using TERS can offer more insights into the Raman 
SSR as the Raman signal can be directly related to the molecules present under the tip.

In order to comprehend enhancement mechanisms in detail, more sophisticated experiments and 
theoretical analysis are required. Emerging TERS studies under UHV and on well-defined sys-
tems can deliver more results, which should eventually bring us closer to understanding origin 
of signal enhancement and contribute to the development of TERS as a reliable analytical tool.

3. Enhancement of Raman signals due to chemisorption

This section summarizes our studies on molecular adsorption and orientation of 4,4′-bipyri-
dine (4,4′-BiPy) and 4,4′-bipyridine N,N′-dioxide (4,4′-BiPyO2) in monolayers formed on gold 
thin films deposited on muscovite mica substrates using STM-TERS supported by calculated 
Raman tensor polarizability components. The enhancement of the Raman signals is attributed 
to the formation of a chemisorbed overlayer with a standing up molecular configuration [52].

3.1. Experimental details

A TERS setup with the side-illumination geometry was used in the experiments described 
here. The setup consists of a commercial STM unit (Nanoscope E, Veeco Instruments Inc., 
USA), a spectrograph (SP-2150i, Roper Scientific, GmbH) and optical components. The STM 
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Figure 3. STM-TERS setup. The inset shows a SEM picture of the Au tip, etched at a bias of 2.4 V. Adapted from Rzeznicka 
et al. [52]. Copyright@Elsevier B.V.

has a modified piezo scanner head which allows to install a high numerical aperture objective 
lens (Mitutoyo, LWD 100×, NA = 0.7, WD = 6 mm) in front of the STM tip. The lens is placed 
at an angle of 60° to the surface normal with the light polarization parallel to the tip axis 
(p-polarization). This objective lens is used to deliver the excitation laser beam as well as to 
collect the backscattered light from a tip-surface junction.

The optical pathway adapted in the study is shown in Figure 3. A red, He-Ne laser beam 
(632.8 nm, max. Output 30 mW, CVI Melles Griot, USA) with circular polarization was used 
for the excitation. The laser light was allowed to pass through a band-pass filter (Sigma Koki, 
Japan, bandwidth = 3 nm) and a polarizer. A transmitted light was reflected by a mirror, 
passed through a 45° dichroic beam splitter (RazorEdge, type U, Semrock), and reflected by 
two other mirrors before being focused on the tip-surface junction by the objective lens.

The backscattered radiation is collected by the same objective lens and reflected by two mirrors 
before falling on the dichroic beam splitter. The scattered signal passes through an ultra-steep long-
pass edge filter (RazorEdge, type E, Semrock), and is focused by a lens (diameter = 25 mm, focal 
length = 100 mm) onto the slit of the spectrograph. A back-illuminated, charge-coupled device 
(CCD) camera (Spec-10, Princeton Instruments) cooled by liquid nitrogen was used to acquire 
Raman spectra. The spectrograph was installed with 300 g/mm diffraction grating. The spectral 
resolution of the system was 10 cm−1. All experiments were carried out in ambient conditions with 
the incident laser power of 0.4 mW, giving power density of 8 × 107 W/m2 in the focal region.

3.2. Details of theoretical calculations used to derive molecular orientation

The geometry of the molecules and fundamental vibrational frequencies were calculated 
using the Gaussian 09 package. Molecular structures in the ground state were optimized by 
the B3LYP exchange-functional of the density functional theory and 6-31G++(d,p) basis set 
[53]. The optimized geometries of both molecules (4,4′-BiPy and 4,4′-BiPyO2) are nonplanar 
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with D2 symmetry. Each vibrational mode has been ascribed to a given symmetry mode and 
Raman polarizability tensor components were calculated for each of the mode.

The intensities of the Raman scattering were evaluated with the matrix elements of the Raman 
tensor,   ⟨k |   α ̂    ij   | 0⟩  , where    α ̂    ij    (i, j = x, y, z)   denotes the polarizability tensor in usual (electronic 
off-resonant) conditions, and  ∣ 0⟩   and  ∣ k⟩   are the vibrational ground state and the first excited 
state for the normal mode k (= 1, 2,…, 3n−6), respectively [54]. This matrix element is repre-
sented in the harmonic approximation with the polarizability derivative with respect to the 
normal mode coordinate Qk as follows:

   ⟨k |   α ̂    ij   | 0⟩  =  √ 
____________

   ℏ _____ 2  μ  k    ω  k  
        

∂  α  ij   ____ ∂  Q  k  
    (1)

where ħ is the Planck constant divided by 2π, ωk and μk are the angular frequency and the 
reduced mass of the mode k, respectively. The molecule-fixed coordinates were defined with 
the principal axes of inertia, where the z axis is along the long molecular axis, and the x axis 
is nearly perpendicular to the rings. The principal axes of polarizability tensor coincide with 
the x, y and z axes, to give αxx, αyy and αzz. The vibrational analysis was performed to obtain 
the frequency ωk, normal mode coordinate Qk and the reduced mass μk of each mode k. The 
polarizability tensor components,   α  

ij
   , were calculated by the facilities involved in Gaussian 09 

with varying molecular geometries displaced along the normal coordinate Qk, and the deriva-
tives  ∂  α  

ij
   / ∂  Q  

k
    were obtained by five-point numerical differentiation of the calculated polariz-

ability tensor. The Raman tensor elements,   ⟨k |   α ̂    ij   | 0⟩  , in Eq. (1) were derived in this way. 
Subsequently, Raman scattering intensity was simulated. The intensity of the light scattered 
from the molecule is proportional to the square of the electric vector of the Raman scattered 
light, Esc, which is related to the electric vector of the incident light, E0 through the character-
istic molecular Raman tensor, (αij) (i, j = x, y, z)

    |   E  sc   |    ∝   |    (   α  ij   )    E  0   |     (2)

In order to determine orientation of the molecule, the experimental scattering intensities were 
compared with the scattering intensities calculated for three representative molecular orienta-
tions. The direction of the incident radiation was described in the surface-fixed coordinate sys-
tem (X, Y, Z). The polarization of an incident laser beam in our TERS experiment was adjusted in 
a way that the electric vector, E0//Z, that is, Z axis is perpendicular to the surface. The molecules 
can take various orientations having various molecular Euler angles, with respect to the Au sub-
strate plane. Three representative configurations were considered, that is, when x//Z, y//Z and 
z//Z. The corresponding molecular orientation for each case is shown in Figure 4. For the mol-
ecule perpendicular to the surface (“end-on” configuration), the molecular z axis is parallel to 
the surface-fixed Z axis (z//Z), that is, perpendicular to the surface. The molecule with the “edge-
on” configuration and the “face-on” configuration are denoted as y//Z and x//Z, respectively.

3.3. Adsorption and molecular orientation of 4,4′-BiPy on Au(111)

Adsorption of 4,4′-BiPy on the surface of an Au thin film proceeded in two stages. A first adsorp-
tion stage was observed after a short immersion time (3–5 h) of the Au film into a 1 mM ethanolic 
solution of 4,4′-BiPy. An image of the surface at this stage is shown in Figure 5a. No well-defined 
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Figure 3. STM-TERS setup. The inset shows a SEM picture of the Au tip, etched at a bias of 2.4 V. Adapted from Rzeznicka 
et al. [52]. Copyright@Elsevier B.V.

has a modified piezo scanner head which allows to install a high numerical aperture objective 
lens (Mitutoyo, LWD 100×, NA = 0.7, WD = 6 mm) in front of the STM tip. The lens is placed 
at an angle of 60° to the surface normal with the light polarization parallel to the tip axis 
(p-polarization). This objective lens is used to deliver the excitation laser beam as well as to 
collect the backscattered light from a tip-surface junction.

The optical pathway adapted in the study is shown in Figure 3. A red, He-Ne laser beam 
(632.8 nm, max. Output 30 mW, CVI Melles Griot, USA) with circular polarization was used 
for the excitation. The laser light was allowed to pass through a band-pass filter (Sigma Koki, 
Japan, bandwidth = 3 nm) and a polarizer. A transmitted light was reflected by a mirror, 
passed through a 45° dichroic beam splitter (RazorEdge, type U, Semrock), and reflected by 
two other mirrors before being focused on the tip-surface junction by the objective lens.

The backscattered radiation is collected by the same objective lens and reflected by two mirrors 
before falling on the dichroic beam splitter. The scattered signal passes through an ultra-steep long-
pass edge filter (RazorEdge, type E, Semrock), and is focused by a lens (diameter = 25 mm, focal 
length = 100 mm) onto the slit of the spectrograph. A back-illuminated, charge-coupled device 
(CCD) camera (Spec-10, Princeton Instruments) cooled by liquid nitrogen was used to acquire 
Raman spectra. The spectrograph was installed with 300 g/mm diffraction grating. The spectral 
resolution of the system was 10 cm−1. All experiments were carried out in ambient conditions with 
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3.2. Details of theoretical calculations used to derive molecular orientation

The geometry of the molecules and fundamental vibrational frequencies were calculated 
using the Gaussian 09 package. Molecular structures in the ground state were optimized by 
the B3LYP exchange-functional of the density functional theory and 6-31G++(d,p) basis set 
[53]. The optimized geometries of both molecules (4,4′-BiPy and 4,4′-BiPyO2) are nonplanar 
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with D2 symmetry. Each vibrational mode has been ascribed to a given symmetry mode and 
Raman polarizability tensor components were calculated for each of the mode.

The intensities of the Raman scattering were evaluated with the matrix elements of the Raman 
tensor,   ⟨k |   α ̂    ij   | 0⟩  , where    α ̂    ij    (i, j = x, y, z)   denotes the polarizability tensor in usual (electronic 
off-resonant) conditions, and  ∣ 0⟩   and  ∣ k⟩   are the vibrational ground state and the first excited 
state for the normal mode k (= 1, 2,…, 3n−6), respectively [54]. This matrix element is repre-
sented in the harmonic approximation with the polarizability derivative with respect to the 
normal mode coordinate Qk as follows:

   ⟨k |   α ̂    ij   | 0⟩  =  √ 
____________

   ℏ _____ 2  μ  k    ω  k  
        

∂  α  ij   ____ ∂  Q  k  
    (1)

where ħ is the Planck constant divided by 2π, ωk and μk are the angular frequency and the 
reduced mass of the mode k, respectively. The molecule-fixed coordinates were defined with 
the principal axes of inertia, where the z axis is along the long molecular axis, and the x axis 
is nearly perpendicular to the rings. The principal axes of polarizability tensor coincide with 
the x, y and z axes, to give αxx, αyy and αzz. The vibrational analysis was performed to obtain 
the frequency ωk, normal mode coordinate Qk and the reduced mass μk of each mode k. The 
polarizability tensor components,   α  

ij
   , were calculated by the facilities involved in Gaussian 09 

with varying molecular geometries displaced along the normal coordinate Qk, and the deriva-
tives  ∂  α  

ij
   / ∂  Q  

k
    were obtained by five-point numerical differentiation of the calculated polariz-

ability tensor. The Raman tensor elements,   ⟨k |   α ̂    ij   | 0⟩  , in Eq. (1) were derived in this way. 
Subsequently, Raman scattering intensity was simulated. The intensity of the light scattered 
from the molecule is proportional to the square of the electric vector of the Raman scattered 
light, Esc, which is related to the electric vector of the incident light, E0 through the character-
istic molecular Raman tensor, (αij) (i, j = x, y, z)

    |   E  sc   |    ∝   |    (   α  ij   )    E  0   |     (2)

In order to determine orientation of the molecule, the experimental scattering intensities were 
compared with the scattering intensities calculated for three representative molecular orienta-
tions. The direction of the incident radiation was described in the surface-fixed coordinate sys-
tem (X, Y, Z). The polarization of an incident laser beam in our TERS experiment was adjusted in 
a way that the electric vector, E0//Z, that is, Z axis is perpendicular to the surface. The molecules 
can take various orientations having various molecular Euler angles, with respect to the Au sub-
strate plane. Three representative configurations were considered, that is, when x//Z, y//Z and 
z//Z. The corresponding molecular orientation for each case is shown in Figure 4. For the mol-
ecule perpendicular to the surface (“end-on” configuration), the molecular z axis is parallel to 
the surface-fixed Z axis (z//Z), that is, perpendicular to the surface. The molecule with the “edge-
on” configuration and the “face-on” configuration are denoted as y//Z and x//Z, respectively.

3.3. Adsorption and molecular orientation of 4,4′-BiPy on Au(111)

Adsorption of 4,4′-BiPy on the surface of an Au thin film proceeded in two stages. A first adsorp-
tion stage was observed after a short immersion time (3–5 h) of the Au film into a 1 mM ethanolic 
solution of 4,4′-BiPy. An image of the surface at this stage is shown in Figure 5a. No well-defined 
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overlayers were observed. The surface of Au looked very rough and dynamic. Imaging was very 
unstable due to apparent adsorbate-induced surface reconstruction. Surface reconstruction is 
associated with the ejection of gold atoms and their diffusion over the surface. Low-coordinated 
gold atoms are highly reactive, and they may form a complex with molecules in the solution and 
diffuse over the surface to stable adsorption sites. These transient species are seen in the image 
as whitish spots. A second stage of adsorption was observed upon a prolonged immersion time. 
In this stage, a well-defined overlayer was formed. An STM image of the surface immersed into 

Figure 5. STM images of 4,4-BiPy adlayer formed on Au(111) after immersion of the film into a 1 mM ethanolic solution 
for (a) 3 hours, (b) 4 days and (c) zoom into (b). (d) TERS spectra corresponding to the layer shown in image a and b. 
A depth profile across the A-A’ line is shown in image (b). Adapted from Rzeznicka et al. [52]. Copyright@Elsevier B.V.

Figure 4. Molecular coordinate system. The molecular axes are x, y and z, and the surface axes are X, Y and Z. The three 
cases of adsorption configuration discussed in the text are shown. E defines the electric vector of an incident radiation. 
Adapted from Rzeznicka et al. [52]. Copyright@Elsevier B.V.
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the solution for 4 days is shown in Figure 5b, c. A homogeneous monolayer with pits having a 
depth of a single-gold-atom was observed. It looks similar to monolayers formed by alkanethiols 
on Au surface, indicating involvement of Au adatoms in the process of self-assembly. TER spectra 
for the short immersion time and the long immersion time are shown in Figure 5d. The Raman 
spectrum for the short immersion time has only few bands with very low intensity. The absence 
of low-frequency vibrational signals, which could be assigned to Au-N stretching band, indicated 
that molecules were only weakly adsorbed (physisorbed) on the surface. In the case of the long 
immersion time, intensities of the Raman signals were higher, and many vibrational bands, which 
were not observed in the case of the short immersion time, appeared. An intense Au-N stretching 
signal was detected at 185 cm−1, indicating that molecules were chemisorbed on the surface.

Vibrational frequencies for the two cases are summarized in Table 1. Each mode has been 
ascribed to a given symmetry mode, and Raman polarizability tensor components were calcu-
lated for each of the mode. The scattering intensities for the three possible molecular orienta-
tions were calculated and used to aid in determining the molecular orientation.

First molecular orientation of 4,4′-BiPy in the case of long immersion time is discussed.

Experimental TERS 
peak position/cm−1

Results of calculations Modal assignment

Figure 5 Figure 5 |(αij)E0|(|E0| = 1)/
atomic unit

Short 
immersion

Long 
immersion

Frequency 
/cm−1

Symmetry 
class

Mode 
number k

x//Z y//Z z//Z

185 s — — — — — — ν(Au-N)

750 m 688 B2 13 0.25 0 0.25 pyridyl ring deformation

840 s 864 B2 18 0.26 0 0.26 γ(C–H) + γ(C–C) + 
γ(C–C)int + γ(C-N)

928 m 984 B2 22 0.01 0 0.01 γ(C-H)

1016 w 1016 w 1014 A 26 0.44 0.73 1.94 γ(C-H) + δ(C-C) + 
δ(C-N) + ν(C-C) + ν(C-N)

1092 m 1098 A 29 0.15 0.11 0.52 δ(C-H) + δ(C-C) + 
δ(C-N) + ν(C-N)

1231 m 1276 B2 34 0.16 0 0.16 ν(C-C) + ν(C-N)

1337 m 1337 m 1364 B3 38 0 0.32 0.32 δ(C-H) + ν(C-C)

1533 s 1492 s 1540 A 42 0.14 0.47 0.88 δ(C-H) + ν(C-C) + 
ν(C-C)int + ν(C-N)

1543 m 1583 B2 43 0.07 0 0.07 δ(C-H) + ν(C-C) + ν(C-N)

1624 w 1624 m 1645 A 46 0.22 0.83 3.43 δ(C-H) + ν(C-C) + 
ν(C-C)int + ν(C-N)

s-strong, m-medium, w-weak intensity.
The symmetry index stands on D2 class for a free molecule.
ν-stretching; δ-in-plane bending; γ-out-of-plane bending; ν(C-C)int denotes interring C-C vibration.
Adapted from Rzeznicka et al. [52]. Copyright@Elsevier B.V.

Table 1. Experimental and calculated Raman scattering data for 4,4′-BiPy.

Nanoscale Insights into Enhanced Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.72284

77



overlayers were observed. The surface of Au looked very rough and dynamic. Imaging was very 
unstable due to apparent adsorbate-induced surface reconstruction. Surface reconstruction is 
associated with the ejection of gold atoms and their diffusion over the surface. Low-coordinated 
gold atoms are highly reactive, and they may form a complex with molecules in the solution and 
diffuse over the surface to stable adsorption sites. These transient species are seen in the image 
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the solution for 4 days is shown in Figure 5b, c. A homogeneous monolayer with pits having a 
depth of a single-gold-atom was observed. It looks similar to monolayers formed by alkanethiols 
on Au surface, indicating involvement of Au adatoms in the process of self-assembly. TER spectra 
for the short immersion time and the long immersion time are shown in Figure 5d. The Raman 
spectrum for the short immersion time has only few bands with very low intensity. The absence 
of low-frequency vibrational signals, which could be assigned to Au-N stretching band, indicated 
that molecules were only weakly adsorbed (physisorbed) on the surface. In the case of the long 
immersion time, intensities of the Raman signals were higher, and many vibrational bands, which 
were not observed in the case of the short immersion time, appeared. An intense Au-N stretching 
signal was detected at 185 cm−1, indicating that molecules were chemisorbed on the surface.

Vibrational frequencies for the two cases are summarized in Table 1. Each mode has been 
ascribed to a given symmetry mode, and Raman polarizability tensor components were calcu-
lated for each of the mode. The scattering intensities for the three possible molecular orienta-
tions were calculated and used to aid in determining the molecular orientation.

First molecular orientation of 4,4′-BiPy in the case of long immersion time is discussed.

Experimental TERS 
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Results of calculations Modal assignment
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immersion
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Mode 
number k

x//Z y//Z z//Z

185 s — — — — — — ν(Au-N)

750 m 688 B2 13 0.25 0 0.25 pyridyl ring deformation

840 s 864 B2 18 0.26 0 0.26 γ(C–H) + γ(C–C) + 
γ(C–C)int + γ(C-N)

928 m 984 B2 22 0.01 0 0.01 γ(C-H)

1016 w 1016 w 1014 A 26 0.44 0.73 1.94 γ(C-H) + δ(C-C) + 
δ(C-N) + ν(C-C) + ν(C-N)

1092 m 1098 A 29 0.15 0.11 0.52 δ(C-H) + δ(C-C) + 
δ(C-N) + ν(C-N)

1231 m 1276 B2 34 0.16 0 0.16 ν(C-C) + ν(C-N)

1337 m 1337 m 1364 B3 38 0 0.32 0.32 δ(C-H) + ν(C-C)

1533 s 1492 s 1540 A 42 0.14 0.47 0.88 δ(C-H) + ν(C-C) + 
ν(C-C)int + ν(C-N)

1543 m 1583 B2 43 0.07 0 0.07 δ(C-H) + ν(C-C) + ν(C-N)

1624 w 1624 m 1645 A 46 0.22 0.83 3.43 δ(C-H) + ν(C-C) + 
ν(C-C)int + ν(C-N)

s-strong, m-medium, w-weak intensity.
The symmetry index stands on D2 class for a free molecule.
ν-stretching; δ-in-plane bending; γ-out-of-plane bending; ν(C-C)int denotes interring C-C vibration.
Adapted from Rzeznicka et al. [52]. Copyright@Elsevier B.V.
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As expected for the polarization direction perpendicular to the surface only vibrational modes 
with A, B2 (xz) and B3 (yz) symmetry are observed. For the observed vibrational modes, only the 
“end-on” orientation does not have null Raman intensity values suggesting that the “end-on” 
orientation is the most plausible. The values are equally distributed over all symmetry modes, 
which imply that the molecule is tilted in all three directions of Au(111) surface. A presence of the 
Au-N stretching peak is another strong evidence to support the “end-on” orientation 4,4′-BiPy. 
Henceforward, we concluded that the 4,4′-BiPy molecules, in the case of long immersion time are 
adsorbed in a standing-up but tilted orientation, with one of two nitrogen ends anchored to Au.

In the case of short immersion time, many of the vibrational peaks seen in the long immersion 
time spectrum were missing. There was no Au-N stretching signal, and the B2-symmetry vibra-
tional modes were not observed which rejects possibility of the “face-on” configuration. The 
peak intensities coincide with the y//Z-values of |(αij)E0|(|E0| = 1) in Table 1. For the missing 
signals, the calculated y//Z-value of |(αij)E0|(|E0| = 1) is zero or nearly zero. Henceforward, 
we concluded the 4,4′-BiPy has y//Z orientation, that is, the “edge-on” orientation, without the 
N atoms bonded to the Au substrate.

Our analysis is based on Raman polarizability tensor components calculated for a free mol-
ecule and on the assumption that a local electric field is perpendicular to the surface. As in the 
case of long immersion, chemisorption may change polarizability of the bonds, and Raman 
tensor elements may be different than the tensor elements calculated for a free molecule.

Figure 6. (a) 100 × 70 nm constant current STM image of 4,4-BiPyO2 adlayer formed on Au(111) after immersion of the 
film in a neutral, 1 mM ethanolic solution for 6 h. (b) the two-dimensional Fourier-transform of the image. (c) TERS 
spectra of the overlayer. (d) Schematic representation of a (6 × 9) BiPyO2 adlayer. Adapted from Rzeznicka et al. [52]. 
Copyright@Elsevier B.V.
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3.4. Adsorption and molecular orientation of 4,4′-BiPyO2 on Au(111)

Figure 6a shows an STM image of the Au surface upon 30 min immersion into a neutral 1 mM 
ethanolic solution of 4,4′-BiPyO2. A two-dimensional overlayer, consisting of parallel rows, 
extending over a triangular terrace of the Au(111) surface was observed. A two-dimensional 
Fourier transform (2D–FFT) of the image, shown in Figure 6b, revealed the spacing between 
parallel rows to be 1.5 and 2.2 nm−1, respectively. The angle between stripes and the edges of 
the terrace was 30°. The overlayer is designated as (6 × 9) overlayer. Figure 6c shows TER sig-
nals from an Au thin film surface immersed for 6 h in a neutral 1 mM ethanolic solution of 4,4′-
BiPyO2. The spectrum contains a peak at 850 cm−1, assigned to the in-plane ring vibrations and 
the N-O stretching vibrations, and a peak at 1190 cm−1, which draws its intensity mainly from 
the in-plane C-H bending vibrations. The position of these bands falls into the frequency 
region of the uncoordinated 4,4′-BiPyO2. The most intense band is at 1492 cm−1 followed by 
peaks at 1563 and 1614 cm−1, similarly to 4,4′-BiPy. No Au-N or Au-O stretching bands were 
found in TER spectrum, which indicated rather weak interaction of 4,4′-BiPyO2 with the Au 
substrate. Orientation of the 4,4′-BiPyO2 is deduced in the same manner, as done for 4,4′-BiPy.

Vibrational frequencies, their symmetry modes and calculated Raman intensities are sum-
marized in Table 2. TER spectrum for 4,4-BiPyO2, shown in Figure 6c contains three bands in 
A symmetry. Since neither Au-O nor Au-N vibrational modes were observed, it is more likely 
that a molecule has its molecular long axis parallel to the Au surface.

In Table 2, x//Z-values of |(αij)E0|(|E0| = 1) do not follow the real spectral intensity. The cal-
culated x//Z-values are zero for the B3 bands. On the other hand, the values for y//Z and z//Z 

Experimental TERS 
peak position/cm−1

Results of calculations Modal assignment

Figure 6 |(αij)E0|(|E0| = 1)/
atomic unit

TERS Powder

Raman

Frequency/
cm−1

Symmetry 
class

Mode 
number 
k

x//Z y//Z z//Z

850 w 852 m 858 B1 24 0.22 0.22 0 δ(C-H) + δ(C-C) + ν(C-N) + ν(N-O)

1190 m 1202 m 1210 A 37 0.10 0.63 3.55 δ(C-H)

1253 w 1266 B3 39 0 0.51 0.51 ν(C-C) + ν(C-N)

1326 m 1300 m 1319 A 40 0.23 0.51 7.16 δ(C-H) + δ(C-C) + δ(C-N) + 
ν(C-C) + ν(C-C)int

1492 s 1512 m 1499 B3 46 0 0.23 0.23 δ(C-H) + ν(C-C)

1563 s 1572 B3 50 0 0.39 0.39 δ(C-H) + ν(C-C) + ν(C-N)

1614 m 1617 s 1667 A 51 0.27 0.92 9.67 δ(C-H) + δ(C-C) + δ(C-N) + 
ν(C-C) + ν(C-C)int + ν(C-N) + ν(N-O)

s-strong, m-medium, w-weak intensity.
The symmetry index stands on D2 class for a free molecule.
ν-stretching; δ-in-plane bending; γ-out-of-plane bending; ν(C-C)int denotes interring C-C vibration.
Adapted from Rzeznicka et al. [52].Copyright@Elsevier B.V.

Table 2. Experimental and calculated Raman scattering data for 4,4′-BiPyO2.
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As expected for the polarization direction perpendicular to the surface only vibrational modes 
with A, B2 (xz) and B3 (yz) symmetry are observed. For the observed vibrational modes, only the 
“end-on” orientation does not have null Raman intensity values suggesting that the “end-on” 
orientation is the most plausible. The values are equally distributed over all symmetry modes, 
which imply that the molecule is tilted in all three directions of Au(111) surface. A presence of the 
Au-N stretching peak is another strong evidence to support the “end-on” orientation 4,4′-BiPy. 
Henceforward, we concluded that the 4,4′-BiPy molecules, in the case of long immersion time are 
adsorbed in a standing-up but tilted orientation, with one of two nitrogen ends anchored to Au.

In the case of short immersion time, many of the vibrational peaks seen in the long immersion 
time spectrum were missing. There was no Au-N stretching signal, and the B2-symmetry vibra-
tional modes were not observed which rejects possibility of the “face-on” configuration. The 
peak intensities coincide with the y//Z-values of |(αij)E0|(|E0| = 1) in Table 1. For the missing 
signals, the calculated y//Z-value of |(αij)E0|(|E0| = 1) is zero or nearly zero. Henceforward, 
we concluded the 4,4′-BiPy has y//Z orientation, that is, the “edge-on” orientation, without the 
N atoms bonded to the Au substrate.

Our analysis is based on Raman polarizability tensor components calculated for a free mol-
ecule and on the assumption that a local electric field is perpendicular to the surface. As in the 
case of long immersion, chemisorption may change polarizability of the bonds, and Raman 
tensor elements may be different than the tensor elements calculated for a free molecule.

Figure 6. (a) 100 × 70 nm constant current STM image of 4,4-BiPyO2 adlayer formed on Au(111) after immersion of the 
film in a neutral, 1 mM ethanolic solution for 6 h. (b) the two-dimensional Fourier-transform of the image. (c) TERS 
spectra of the overlayer. (d) Schematic representation of a (6 × 9) BiPyO2 adlayer. Adapted from Rzeznicka et al. [52]. 
Copyright@Elsevier B.V.
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3.4. Adsorption and molecular orientation of 4,4′-BiPyO2 on Au(111)

Figure 6a shows an STM image of the Au surface upon 30 min immersion into a neutral 1 mM 
ethanolic solution of 4,4′-BiPyO2. A two-dimensional overlayer, consisting of parallel rows, 
extending over a triangular terrace of the Au(111) surface was observed. A two-dimensional 
Fourier transform (2D–FFT) of the image, shown in Figure 6b, revealed the spacing between 
parallel rows to be 1.5 and 2.2 nm−1, respectively. The angle between stripes and the edges of 
the terrace was 30°. The overlayer is designated as (6 × 9) overlayer. Figure 6c shows TER sig-
nals from an Au thin film surface immersed for 6 h in a neutral 1 mM ethanolic solution of 4,4′-
BiPyO2. The spectrum contains a peak at 850 cm−1, assigned to the in-plane ring vibrations and 
the N-O stretching vibrations, and a peak at 1190 cm−1, which draws its intensity mainly from 
the in-plane C-H bending vibrations. The position of these bands falls into the frequency 
region of the uncoordinated 4,4′-BiPyO2. The most intense band is at 1492 cm−1 followed by 
peaks at 1563 and 1614 cm−1, similarly to 4,4′-BiPy. No Au-N or Au-O stretching bands were 
found in TER spectrum, which indicated rather weak interaction of 4,4′-BiPyO2 with the Au 
substrate. Orientation of the 4,4′-BiPyO2 is deduced in the same manner, as done for 4,4′-BiPy.

Vibrational frequencies, their symmetry modes and calculated Raman intensities are sum-
marized in Table 2. TER spectrum for 4,4-BiPyO2, shown in Figure 6c contains three bands in 
A symmetry. Since neither Au-O nor Au-N vibrational modes were observed, it is more likely 
that a molecule has its molecular long axis parallel to the Au surface.

In Table 2, x//Z-values of |(αij)E0|(|E0| = 1) do not follow the real spectral intensity. The cal-
culated x//Z-values are zero for the B3 bands. On the other hand, the values for y//Z and z//Z 
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 follow the observed frequencies, except for the peak at 850 cm−1. The value of |(αij)E0|(|E0| = 1) 
is zero for z//Z. The appearance of this 850 cm−1 band denies z//Z orientation. In conclusion, 
the Raman signal intensity supports the “edge-on” orientation.

4. Enhancement of Raman signals due to halogen overlayer-
templated crystal growth

This section describes particular surface chemistry leading to the growth of metal-organic 
surface crystals in the presence of halogen overlayer. The crystals were grown on an Au sur-
face from ethanolic solutions of 4,4′-BiPy, in the presence of HCl. STM-TERS and ordinary 
Raman spectroscopy were used to reveal details of a crystal growth [55].

4.1. Chlorine overlayer-templated growth of Au-4,4′-BiPy crystals on Au(111)

Figure 7a shows a large area STM image of the Au surface obtained after immersion of Au/mica 
film into a 4,4′-BiPy solution, adjusted with 0.1 M HCl to pH 3, for 2 days at room temperature. 
A zoom into the flat part of the image shows a periodic overlayer structure, shown in Figure 7b. 
The overlayer consists of bright stripes having a width of ~7.5 Å. The width is close to the length 
of 4,4-BiPy, which measures ~ 7.1 Å. Each stripe shows contrast modulation with periodicity of 

Figure 7. STM images after immersion of Au slide into 1 mM ethanolic solution of 4,4-BiPy, acidified to pH = 3 with 
HCl: (a) 100 × 100 nm image showing well-defined overlayer; (b) 15 × 15 nm zoomed image into (a) showing a striped 
structure; (c) 30 × 30 nm image showing rotational domains; (d) 31 × 31 nm image showing a p(  √ 

__
 3    ×   √ 

__
 3   )R30°-Cl overlayer 

structure; (e) zoomed 12 × 12 nm image of (d); (f) zoomed 4.7 × 4.7 nm image of (e) into the p(  √ 
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__

 3   )R30°-Cl overlayer. 
Possible molecular models of the striped structure; (g) growing on top of chlorine overlayer and (h) growing on top of 
surface chloride. Adapted from Rzeznicka et al. Copyright@Elsevier B.V [55].
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~ 3 Å, as indicated in the figure. The overlayer has few dark vacancies (DV). The depth of dark 
vacancies is in the range of 1.3–1.5 Å. The overlayer was observed to grow along the crystallo-
graphic directions of the underlying Au(111) surface as shown in Figure 7c. By careful alternation 
of the tunneling current and scanning speed, another structure originated from the underlying 
layer was detected, as shown in Figure 7d (notice the transition at the bottom of the image). In 
this underlying layer, individual atoms are found to be arranged in a rectangular lattice with a 
unit cell of a = 5 Å. Figure 7(e, f) shows large area and a zoom image of the lattice. This atomic 
arrangement is assigned to the  p ( √ 

__
 3   ×  √ 

__
 3  ) R  30   °   structure, which has been observed upon adsorp-

tion of 0.33 ML of Cl2 onto the Au(111) surface at room temperature [56]. The density functional 
theory (DFT) calculations predicted that the fcc hollow site is the most stable adsorption site 
for chlorine in this overlayer [56]. Based on these facts, the most possible molecular model for 
the stripe phase observed after adsorption of 4,4′-BiPy onto the Au(111) surface in the presence 
of chlorine ions was proposed. The proposed overlayer structure is shown in Figure 7g. In this 
model, [4,4′-BiPyH2]2+ bipyridine cations are assumed to have a “flat-on” or “edge-on” orienta-
tion. Molecules are aligned along the [1 0  ̄  1  ] direction. The self-assembly is mainly driven by an 
electrostatic interaction between protonated bipyridine cations and chlorine anions. Figure 7h 
shows a model for the overlayer growth on top of a surface chloride.

Figure 8a shows an STM image of Au surface after prolonged immersion of Au/mica film 
into the acidic solution of 4,4′-BiPy. A new overlayer with a long-range order was observed 
as shown in Figure 8b. The overlayer consists of bright stripes with a periodicity of ~ 10 Å. A 
growth of the next top layers can be seen at the left side of Figure 8c. The top layer, is rotated 
in respect to the bottom layer, at an angle of 120°, indicating a three-dimensional growth with 
the Au(111) surface registry. The stripes of the top layer consist of bright protrusions with 
a height of 1.5–1.8 Å. A TER spectrum taken on this surface is shown in Figure 8f. In-plane 
vibrational modes are observed above 1000 cm−1. Six vibrational peaks are found in the spec-
trum: peaks at 1606, 1503, 1293, 1225, 1071 and 1017 cm−1. The observed vibrational frequencies 
correspond to protonated form of 4,4′-BiPy [57]. No out-of-plane modes are observed, sug-
gesting the “edge-on” molecular orientation. Below 1000 cm−1, only a small peak at ~255 cm−1 
is observed. Pettinger et al. assigned vibration at this frequency to the metal-halogen vibration 
of a surface complex containing metal adatom, halogen ions and pyridine [58].

An optical microscopic image of the sample after a prolonged immersion into the solution is 
shown in Figure 8d. Rectangular shaped, 3D islands of different sizes are found on the sur-
face. Depression defects are always seen near the islands. We speculate that these defects act 
as a supply of Au adatoms that are further incorporated into the crystal. Figure 8f shows a 
Raman spectrum taken within the area of a large 3D island using a confocal Raman unit. The 
spectrum above 1000 cm−1 is consistent with the Raman spectrum of a solid BiPyH2Cl2 [59]. 
The spectrum is similar to the TER spectrum but bands are more intense.

In contrast to TER spectrum, out-of-plane modes are also observed suggesting that molecules 
with “flat-on” orientation are also present. A very weak Raman signals were also observed at 2460 
and 3450 cm−1. They were assigned to the N-H+…Cl−–4,4′-BiPy stretching, and free N-H stretching 
vibrations, respectively [60, 61]. At very low frequencies, two strong peaks at ~88 and 116 cm−1 
with the shoulder at 134 cm−1 were observed. Similarly, low-frequency Raman peaks are observed 
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 follow the observed frequencies, except for the peak at 850 cm−1. The value of |(αij)E0|(|E0| = 1) 
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Figure 7. STM images after immersion of Au slide into 1 mM ethanolic solution of 4,4-BiPy, acidified to pH = 3 with 
HCl: (a) 100 × 100 nm image showing well-defined overlayer; (b) 15 × 15 nm zoomed image into (a) showing a striped 
structure; (c) 30 × 30 nm image showing rotational domains; (d) 31 × 31 nm image showing a p(  √ 

__
 3    ×   √ 

__
 3   )R30°-Cl overlayer 

structure; (e) zoomed 12 × 12 nm image of (d); (f) zoomed 4.7 × 4.7 nm image of (e) into the p(  √ 
__

 3    ×   √ 
__

 3   )R30°-Cl overlayer. 
Possible molecular models of the striped structure; (g) growing on top of chlorine overlayer and (h) growing on top of 
surface chloride. Adapted from Rzeznicka et al. Copyright@Elsevier B.V [55].
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~ 3 Å, as indicated in the figure. The overlayer has few dark vacancies (DV). The depth of dark 
vacancies is in the range of 1.3–1.5 Å. The overlayer was observed to grow along the crystallo-
graphic directions of the underlying Au(111) surface as shown in Figure 7c. By careful alternation 
of the tunneling current and scanning speed, another structure originated from the underlying 
layer was detected, as shown in Figure 7d (notice the transition at the bottom of the image). In 
this underlying layer, individual atoms are found to be arranged in a rectangular lattice with a 
unit cell of a = 5 Å. Figure 7(e, f) shows large area and a zoom image of the lattice. This atomic 
arrangement is assigned to the  p ( √ 
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for chlorine in this overlayer [56]. Based on these facts, the most possible molecular model for 
the stripe phase observed after adsorption of 4,4′-BiPy onto the Au(111) surface in the presence 
of chlorine ions was proposed. The proposed overlayer structure is shown in Figure 7g. In this 
model, [4,4′-BiPyH2]2+ bipyridine cations are assumed to have a “flat-on” or “edge-on” orienta-
tion. Molecules are aligned along the [1 0  ̄  1  ] direction. The self-assembly is mainly driven by an 
electrostatic interaction between protonated bipyridine cations and chlorine anions. Figure 7h 
shows a model for the overlayer growth on top of a surface chloride.

Figure 8a shows an STM image of Au surface after prolonged immersion of Au/mica film 
into the acidic solution of 4,4′-BiPy. A new overlayer with a long-range order was observed 
as shown in Figure 8b. The overlayer consists of bright stripes with a periodicity of ~ 10 Å. A 
growth of the next top layers can be seen at the left side of Figure 8c. The top layer, is rotated 
in respect to the bottom layer, at an angle of 120°, indicating a three-dimensional growth with 
the Au(111) surface registry. The stripes of the top layer consist of bright protrusions with 
a height of 1.5–1.8 Å. A TER spectrum taken on this surface is shown in Figure 8f. In-plane 
vibrational modes are observed above 1000 cm−1. Six vibrational peaks are found in the spec-
trum: peaks at 1606, 1503, 1293, 1225, 1071 and 1017 cm−1. The observed vibrational frequencies 
correspond to protonated form of 4,4′-BiPy [57]. No out-of-plane modes are observed, sug-
gesting the “edge-on” molecular orientation. Below 1000 cm−1, only a small peak at ~255 cm−1 
is observed. Pettinger et al. assigned vibration at this frequency to the metal-halogen vibration 
of a surface complex containing metal adatom, halogen ions and pyridine [58].

An optical microscopic image of the sample after a prolonged immersion into the solution is 
shown in Figure 8d. Rectangular shaped, 3D islands of different sizes are found on the sur-
face. Depression defects are always seen near the islands. We speculate that these defects act 
as a supply of Au adatoms that are further incorporated into the crystal. Figure 8f shows a 
Raman spectrum taken within the area of a large 3D island using a confocal Raman unit. The 
spectrum above 1000 cm−1 is consistent with the Raman spectrum of a solid BiPyH2Cl2 [59]. 
The spectrum is similar to the TER spectrum but bands are more intense.

In contrast to TER spectrum, out-of-plane modes are also observed suggesting that molecules 
with “flat-on” orientation are also present. A very weak Raman signals were also observed at 2460 
and 3450 cm−1. They were assigned to the N-H+…Cl−–4,4′-BiPy stretching, and free N-H stretching 
vibrations, respectively [60, 61]. At very low frequencies, two strong peaks at ~88 and 116 cm−1 
with the shoulder at 134 cm−1 were observed. Similarly, low-frequency Raman peaks are observed 
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in dinuclear Au complexes containing Cl, and in the case of pyridine adsorption on Ag electrodes. 
In dimethylgold halides, Au-Au vibrations are found at ~74 cm−1 [62]. Thus, these two peaks were 
assigned to Au-Au and Au-Cl stretching vibrations, respectively. The assignment was supported 
by the results of secondary mass ion spectrometry (SIMS) which yields information on the surface 
species. A highest intensity gain was observed for m/z = 465 corresponding to Au2Cl2 species [55].

5. Future prospects and challenges

In this chapter, we have reviewed the principles of STM-based TERS and discussed how molecu-
lar binding and halogen overlayer influence the intensity of the Raman signals. These two effects 
contribute to CE, which is system specific, that is, its magnitude depends on the metal-molecule 
system and experimental conditions of sample preparation. Further studies on the effects of 
molecular orientation on signal enhancement under more well-defined conditions, such as those 
provided by UHV environment, can bring us more knowledge on the mechanism of TERS.

Combined studies using cryogenic, polarized UHV-TERS and nanolithographically fabri-
cated model nanostructures, supported by the state-of-the-art calculations to determine the 
Raman polarizability tensor components of a molecule-metal can lead to the formulation of 
TERS surface selection rules [46, 63, 64]. Home built STM-TERS systems in the Duyene and 

Figure 8. STM images after prolonged immersion of an Au slide into 1 mM ethanolic solution of 4,4-BiPy, acidified to 
pH = 3 with HCl: (a) a 70 × 70 nm image showing a chain structure; (b) a 20 × 20 nm zoomed image of the chain structure; 
(c) a 14 × 14 nm zoomed image of the chain structure showing development of the next top layers; (d) a bright-field 
microscope image of the Au slide showing surface-grown large 3D crystals; (e) a possible molecular model of the chain 
structure and (f) Raman spectra. Adapted from Rzeznicka et al. Copyright@Elsevier B.V [55].
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the Wang group are making first steps in this direction. We have collaborated with the com-
pany Unisoku in Japan in the development of a commercial UHV-TERS and have shown its 
capability to obtain relatively strong Raman signals from organic molecules adsorbed on a 
metal surface. Cryogenic cooling has been found to resolve issues of spectral fluctuations, as 
shown in Figure 9.

Fukumura et al. have proposed that single molecule sensitivity could be facilitated by employing 
vibrational excitation of molecules using inelastic scattering of tunneling electrons synchronized 
with the laser excitation to the excited states [65]. The technical challenge with this approach 
lies in the synchronization of the laser pulse with the electric pulse. The Duyene group has just 
started incorporating ultra-short laser pulses with UHV-TERS [66]. Apart from a purely aca-
demic interest, STM-TERS could contribute to understanding surface chemistry under ambient 
or solution conditions and aid in the development of large-scale metal protective organic layers. 
Moreover, metal leads are also important in electrical applications. It is a challenging task to 
minimize Ohmic losses for metal electrodes covered with thin organic films. As demonstrated 
in this chapter, halogen-modified surfaces could act as templates for the subsequent growth of 
metal-organic framework structures directly on the surfaces of metals.

Studies using electrochemical STM-TERS (EC STM-TERS) could assist in the fabrication of 
conductive metal/organic molecule thin films by utilizing anion-overlayers as templates for 
formation of well-defined organic thin films, as demonstrated here. Such organic thin films 
are increasingly important in the field of sensing, molecular electronics and optoelectronics. 
A challenge in Raman spectroscopy of organic molecules adsorbed on metal surfaces is detec-
tion of low frequency Raman signals, which give information on the chemical state of the 
molecule and possible metal–organic surface complex formation. Utilizing ultra-narrowband 
notch filters and a pinhole in front of the spectrograph slit, we recently observed signals down 

Figure 9. UHV-TER spectra of 1, 2-di-(4-pyridyl)-ethylene (BPE) at room (300 K) (left) and liquid nitrogen temperature 
(78 K)(right). Adapted from http://www.unisoku.com/products.
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in dinuclear Au complexes containing Cl, and in the case of pyridine adsorption on Ag electrodes. 
In dimethylgold halides, Au-Au vibrations are found at ~74 cm−1 [62]. Thus, these two peaks were 
assigned to Au-Au and Au-Cl stretching vibrations, respectively. The assignment was supported 
by the results of secondary mass ion spectrometry (SIMS) which yields information on the surface 
species. A highest intensity gain was observed for m/z = 465 corresponding to Au2Cl2 species [55].
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In this chapter, we have reviewed the principles of STM-based TERS and discussed how molecu-
lar binding and halogen overlayer influence the intensity of the Raman signals. These two effects 
contribute to CE, which is system specific, that is, its magnitude depends on the metal-molecule 
system and experimental conditions of sample preparation. Further studies on the effects of 
molecular orientation on signal enhancement under more well-defined conditions, such as those 
provided by UHV environment, can bring us more knowledge on the mechanism of TERS.

Combined studies using cryogenic, polarized UHV-TERS and nanolithographically fabri-
cated model nanostructures, supported by the state-of-the-art calculations to determine the 
Raman polarizability tensor components of a molecule-metal can lead to the formulation of 
TERS surface selection rules [46, 63, 64]. Home built STM-TERS systems in the Duyene and 

Figure 8. STM images after prolonged immersion of an Au slide into 1 mM ethanolic solution of 4,4-BiPy, acidified to 
pH = 3 with HCl: (a) a 70 × 70 nm image showing a chain structure; (b) a 20 × 20 nm zoomed image of the chain structure; 
(c) a 14 × 14 nm zoomed image of the chain structure showing development of the next top layers; (d) a bright-field 
microscope image of the Au slide showing surface-grown large 3D crystals; (e) a possible molecular model of the chain 
structure and (f) Raman spectra. Adapted from Rzeznicka et al. Copyright@Elsevier B.V [55].
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pany Unisoku in Japan in the development of a commercial UHV-TERS and have shown its 
capability to obtain relatively strong Raman signals from organic molecules adsorbed on a 
metal surface. Cryogenic cooling has been found to resolve issues of spectral fluctuations, as 
shown in Figure 9.

Fukumura et al. have proposed that single molecule sensitivity could be facilitated by employing 
vibrational excitation of molecules using inelastic scattering of tunneling electrons synchronized 
with the laser excitation to the excited states [65]. The technical challenge with this approach 
lies in the synchronization of the laser pulse with the electric pulse. The Duyene group has just 
started incorporating ultra-short laser pulses with UHV-TERS [66]. Apart from a purely aca-
demic interest, STM-TERS could contribute to understanding surface chemistry under ambient 
or solution conditions and aid in the development of large-scale metal protective organic layers. 
Moreover, metal leads are also important in electrical applications. It is a challenging task to 
minimize Ohmic losses for metal electrodes covered with thin organic films. As demonstrated 
in this chapter, halogen-modified surfaces could act as templates for the subsequent growth of 
metal-organic framework structures directly on the surfaces of metals.

Studies using electrochemical STM-TERS (EC STM-TERS) could assist in the fabrication of 
conductive metal/organic molecule thin films by utilizing anion-overlayers as templates for 
formation of well-defined organic thin films, as demonstrated here. Such organic thin films 
are increasingly important in the field of sensing, molecular electronics and optoelectronics. 
A challenge in Raman spectroscopy of organic molecules adsorbed on metal surfaces is detec-
tion of low frequency Raman signals, which give information on the chemical state of the 
molecule and possible metal–organic surface complex formation. Utilizing ultra-narrowband 
notch filters and a pinhole in front of the spectrograph slit, we recently observed signals down 

Figure 9. UHV-TER spectra of 1, 2-di-(4-pyridyl)-ethylene (BPE) at room (300 K) (left) and liquid nitrogen temperature 
(78 K)(right). Adapted from http://www.unisoku.com/products.
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to 15 cm−1. Improvement in the optical density of the filters would allow for detection of 
Raman signal from organic molecules that have weak Raman scattering cross-sections.

In the field of lithium-ion batteries, growth of conductive metal-organic interfaces with small 
contact resistances and catalytic functions is very attractive but remains very challenging. 
New experimental setups based on the TERS idea could allow for the study of interfacial pro-
cesses during battery operation. A challenge in this case is a strong fluorescence signal from 
various battery components such as organic electrolytes, additives, binders, and so on. In this 
respect, systems based on near-infrared excitation would offer elimination of the fluorescence 
signal. Another advantage of this approach based on hyper Raman phenomena is that Raman 
signals originate from the small focal volume, which allow for distinguishing the interface 
signals from the signals originating from the bulk.

In summary, the demand for chemical analysis with nanoscale resolution makes SPM-based 
TERS attractive in many fields of science and engineering. We expect that, in the next 10 years, 
we will witness further developments in this technique and obtain more system-specific infor-
mation, which will expand our knowledge of surface chemistry and the interactions of mole-
cules with light in confined fields. Understanding system-specific chemical enhancement will 
advance the field of molecular plasmonics, which is an emerging field of science exploiting 
the molecule-plasmon interactions to harness light at the nanoscale for nanophotonic devices.
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respect, systems based on near-infrared excitation would offer elimination of the fluorescence 
signal. Another advantage of this approach based on hyper Raman phenomena is that Raman 
signals originate from the small focal volume, which allow for distinguishing the interface 
signals from the signals originating from the bulk.

In summary, the demand for chemical analysis with nanoscale resolution makes SPM-based 
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Abstract

Polymer based nanocomposites containing metal nanoparticles (e.g. Au, Ag) have gained 
increased attention as a new class of SERS (Surface Enhanced Raman Scattering) sub-
strates for analytical platforms. On the other hand, the application of SERS using such 
platforms can also provide new insights on the properties of composite materials. In this 
chapter, we review recent research on the development of SERS substrates based on poly-
mer nanocomposites and their applications in different fields. The fundamentals of SERS 
are briefly approached and subsequently there is a reference to the strategies of prepara-
tion of polymer based nanocomposites. Here the main focus is on SERS studies that have 
used a diversity of polymer based nanocomposites, highlighting certain properties of the 
materials that are relevant for the envisaged functionalities. A final section is devoted to 
the joint use of Raman imaging and SERS in nanocomposites development, a topic that 
presents a great potential still to be explored as shown by the recent research in this field.

Keywords: SERS, metal nanoparticles, nanocomposites, polymers, Raman imaging

1. Introduction

There has been a long-standing interest in the application of metallic nanoparticles (NPs), in 
particular of gold (Au) and silver (Ag), due to their unique optical properties [1–6]. The dis-
persion of very small (submicrometric to nanometric) metal particles in materials that act as 
host matrices (e.g. glass) has been empirically exploited to confer bright and colorful effects, 
resulting from scattering and absorption of visible light. In fact, there are several examples of 
earlier technological applications that include the use of fine divided gold in glass materials 
in order to obtain beautiful colors, such as in stained glass windows [7, 8]. Nowadays, metal 
NPs are considered crucial in a series of devices derived from nanotechnological approaches 
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Abstract

Polymer based nanocomposites containing metal nanoparticles (e.g. Au, Ag) have gained 
increased attention as a new class of SERS (Surface Enhanced Raman Scattering) sub-
strates for analytical platforms. On the other hand, the application of SERS using such 
platforms can also provide new insights on the properties of composite materials. In this 
chapter, we review recent research on the development of SERS substrates based on poly-
mer nanocomposites and their applications in different fields. The fundamentals of SERS 
are briefly approached and subsequently there is a reference to the strategies of prepara-
tion of polymer based nanocomposites. Here the main focus is on SERS studies that have 
used a diversity of polymer based nanocomposites, highlighting certain properties of the 
materials that are relevant for the envisaged functionalities. A final section is devoted to 
the joint use of Raman imaging and SERS in nanocomposites development, a topic that 
presents a great potential still to be explored as shown by the recent research in this field.

Keywords: SERS, metal nanoparticles, nanocomposites, polymers, Raman imaging

1. Introduction

There has been a long-standing interest in the application of metallic nanoparticles (NPs), in 
particular of gold (Au) and silver (Ag), due to their unique optical properties [1–6]. The dis-
persion of very small (submicrometric to nanometric) metal particles in materials that act as 
host matrices (e.g. glass) has been empirically exploited to confer bright and colorful effects, 
resulting from scattering and absorption of visible light. In fact, there are several examples of 
earlier technological applications that include the use of fine divided gold in glass materials 
in order to obtain beautiful colors, such as in stained glass windows [7, 8]. Nowadays, metal 
NPs are considered crucial in a series of devices derived from nanotechnological approaches 
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and which are expected to expand in the near future in several applications and techniques. 
Among these techniques, Surface Enhanced Raman Scattering (SERS) has emerged in the 
past decades with great importance. Although the discovery of the SERS effect dates back to 
the 70’s, [9] in the last decades, this technique has been improved due to the huge progress 
observed in Raman instrumentation and also in recent research specific to nanoscale materi-
als. Indeed, the design of SERS active and highly sensitive analytical platforms has been a 
major goal in several fields, due to the impact in trace chemical analysis, environmental moni-
toring, medical applications and food safety [10–16].

This chapter intends to present recent developments concerning polymer based nanocom-
posites containing metal nanofillers for SERS applications, in some situations based on stud-
ies of metal loaded polymers prepared in our laboratory. In order to contextualize the SERS 
application of these polymer based nanocomposites, the synthesis of the nanostructures and 
some fundamental aspects of SERS are briefly introduced [17–25]. Polymer based composites 
for SERS, containing metallic fillers, have been largely documented for the vestigial detection 
of several bio-analytes. Illustrative examples on the use of polymer based composites as new 
platforms for SERS are described in more detail, reviewing their use for chemical analysis. 
The importance of Raman imaging in SERS studies is also explored because is a recent devel-
opment with a great potential for the research on new SERS substrates.

2. Fundamentals of surface enhanced Raman scattering

Chandrasekhara Venkata Raman (Nobel Prize in Physics, 1930) and his student Kariamanickam 
Srinivasa Krishnan reported in a scientific paper entitled “A new type of secondary radia-
tion,” the phenomenon that we now call the Raman effect [26]. This effect involves inelastic 
scattering of light when the photons strike a certain medium containing molecules. Although 
the number of photons resulting from the elastic dispersion (Rayleight scattering) of light 
coming from a laser source is greater than that of the inelastic dispersion, thus giving rise to a 
more intense signal, it is the spectral information collected from the inelastic collision that is 
of interest for Raman spectroscopy [27–30]. Indeed, the bands that are observed in a Raman 
spectrum (Stokes and anti-Stokes shifted in relation to the excitation line) are associated to 
certain vibrational modes existing in molecules and materials and can thus give information 
about their structure and other properties. The use of Raman spectroscopy in certain areas 
of application was, until recently, limited by two main factors. One of these factors can be 
considered extrinsic to the phenomenon and depends essentially on the development of more 
sensitive and affordable equipment. The other factor is intrinsic to the Raman effect, since it 
is a physical process that results in low-intensity spectral bands, because of the low scattering 
cross-section (10−29 cm2 molecule−1), limiting its use as a high sensitive analytical technique 
[30–32].

The SERS (surface enhanced Raman scattering) effect was discovered about 44 years ago dur-
ing studies applied to a silver electrode and an aqueous solution of pyridine [9]. Unexpectedly, 
this experiment revealed an increase in the Raman signal of pyridine adsorbed on the metal 
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surface. A few years later, other research groups advanced the currently accepted explanation 
for this observation [33, 34]. The interpretation given considered that the Raman signal inten-
sification occurred due to adsorption of molecules on rough metallic surfaces. It is generally 
accepted today that the intensification occurring in SERS is due to two distinct mechanisms: 
the chemical interaction of the analyte with the metallic surface (signal intensification 10–102) 
and the enhancement of the local electric field at the junction of the metallic NPs (signal inten-
sification can reach up to 1011) [32, 35, 36]. The chemical mechanism (CM) for the SERS signal 
enhancement is related to the adsorption of molecular species on the metal surface, namely 
the surface selection rules, the type of interaction between the metal and the molecule and the 
chemical nature of the adsorbed molecule itself [36–38]. The electromagnetic mechanism (EM) 
is the dominant contribution to SERS and does not depend necessarily on the establishment of 
a chemical interaction between the analyte and the metal surface, contrary to what happens in 
the chemical mechanism. According to the EM, the intensification of the local electromagnetic 
field is mainly due to the excitation of the surface plasmons of the metal by the incident light 
[39–41]. While the CM is a short-range effect, the EM is a long-range effect, in the sense that it 
does not require that the molecular species is in contact with the metal surface and can still be 
observed a few nanometers of distance from the metal surface. Figure 1 presents a scheme of 

Figure 1. (A) Scheme illustrating the chemical mechanism (CM) that occurs in SERS. (a) Ground state chemical 
enhancement; (b) resonance Raman enhancement; (c) charge-transfer resonance enhancement, where Ef represents the 
local electromagnetic field; HOMO represents the highest occupied molecular orbital and LUMO represents the lowest 
unoccupied molecular orbital); (B) Scheme illustrating the electromagnetic mechanism (EF), in which the I represents 
the intensity of Raman; Ei represents the incident electric field; Ei,s represents the field which is intensified by the metal 
and (Ei + Ei,s) represents the incident enhanced field; Er represents the scattered Raman field, which can be intensified by 
the metal creating Er,s; (Er + Er,s) represents the scattered enhanced field. ([10] - Reproduced by permission of The Royal 
Society of Chemistry.).
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the different types of contributions to the chemical enhancement mechanism and the electro-
magnetic enhancement mechanism in SERS.

The contribution of nanotechnology, and in particular of the Chemistry of Nanomaterials, 
to the resurgence of studies and applications of Raman spectroscopy in materials charac-
terization and the improvement of  analytical techniques cannot be surprising. Indeed, the 
SERS effect allows the range of applications of Raman spectroscopy to be expanded but it is 
still very dependent on the quality of the substrates used to obtain signal intensification. The 
substrates most used for these purposes are based on Ag and Au nanostructures, although 
the SERS effect using other types of surfaces have been reported [42–45]. A variety of studies 
have demonstrated that the enhancement of the localized electromagnetic field occurs in close 
vicinity of metal NPs, metal nanotips or in metal surfaces with specific nanopatterns. The 
positions in which the strongest enhancement of the local electromagnetic field is observed 
correspond to the so called hotspots, due to the strongly enhanced Raman signals observed 
for certain molecular adsorbates [46–52]. Chemistry provides the synthetic tools to control the 
morphology and size of metal nanoparticles as well as other nanostructured materials and 
therefore has been widely used in the development of highly sensitive and reproducible SERS 
substrates. It should be noted that the sensitivity of some of the SERS substrates reported in 
the literature allows the analyte detection at the single-molecule level [53–55]. The fact that 
Raman spectroscopy is a non-destructive technique and can also be used for materials imag-
ing, are additional factors that make this technique increasingly relevant in chemical analysis 
and materials characterization. In particular, the SERS technique is a valuable tool for the 
surface characterization of materials. For example, it is possible to obtain information about 
the surface of a metal using molecules that once adsorbed will function as molecular probes 
[56]. In addition, it is possible to obtain information about the orientation of these molecules, 
applying surface selection rules that were established in earlier studies [11, 39, 57].

3. Polymer based nanocomposites

By definition a composite is formed by at least two distinct materials whose chemical iden-
tity is preserved in the final material. Typically, a composite contains a material (filler) that 
is dispersed in a larger amount of a distinct material that acts as the host matrix. In the case 
of having a polymer as the host, such material is referred as a polymer based composite. For 
the particular situation, in which the fillers have at least one dimension at the nanoscale, the 
material is called a nanocomposite. Hence, polymers, either synthetic or of natural origin, 
that contain inorganic nanoparticles form an important class of nanocomposites. In particu-
lar, polymer based nanocomposites containing metallic nanoparticles (NPs) as fillers, are 
the object of this chapter due to their role as hybrid substrates for SERS analysis. Several 
approaches have been reported in order to produce polymer nanocomposites containing 
metal NPs as fillers. Briefly, these preparative methods can be divided in two main catego-
ries, depending if the metal nanofillers were generated in situ or previously prepared and 
then used for the composite fabrication. These approaches will be designated here as i) in 
situ and ii) ex situ. In the in situ method, the metallic nanofillers are prepared by chemical 
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reduction methods in the presence of a polymer; in the ex situ approach, the metallic NPs 
are previously synthesized and then mixed with a polymer matrix, forming homogeneous 
blends composites (blending method) or, after surface modification procedures applied at 
the filler’s surfaces [10, 58, 59]. These preparative methods will be briefly described in the 
next sections. Table 1 lists some methods for preparing these composites based on polymers 
of natural and synthetic origin.

3.1. Chemical reduction (in situ method)

In this methodology, metallic nanofillers are produced by chemical reduction of a metal pre-
cursor using reducing agents such as sodium citrate or sodium borohydride, in the presence 
of a polymer. This strategy generates nanocomposites whose morphology can vary, such as 
in a polymeric shell and a metal core [60, 61, 77, 96, 102], a polymeric core and a metal shell 
[95] or a polymeric matrix having dispersed metallic fillers [68, 69, 97]. In particular cases, 
the polymer can act as reducing agent due to specific functional groups, avoiding the use 
of an external reducing agent [61, 73]. The advantages of this one-step approach relies on its 

Polymer matrix Preparative method Metallic NPs

Natural polymers Chemical reduction Ag [60–72]

Au [73–76]

Cu [77–80]

Blending or “grafting to” approach Ag [66, 67, 81–87]

Au [88–92]

Cu [79]

Au@Ag [93]

UV light reduction of the metal ions Ag [66, 94]

Au [94]

Au@Ag [94]

Synthetic polymers Chemical reduction Ag [95–102]

Cu@Ag [103]

Blending or “grafting to” approach Ag [104, 105]

Au [106–112]

In situ polymerization or “grafting from” approach Ag [113–118]

Au [58, 108, 116, 119–124]

Au@Ag [125]

Fe3O4@Ag [48]

Electrospinning method Ag [126, 127]

Au [126]

Au@Ag [128]

Table 1. Preparative methods of polymer/metal nanocomposites.
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simplicity, although the resulting nanocomposites may exhibit inhomogeneity in terms of 
morphology and fillers distribution in the polymer matrix [10, 129].

In situ preparation is commonly used to prepare biopolymers based nanocomposites because 
natural polymers might be used to induce control over NPs size and aggregation state [63, 70], 
promoting the required biocompatibility for specific applications namely medical diagnostic 
and target detection in SERS [60, 64]. Polysaccharides such as chitosan [64, 65, 71, 72, 74], aga-
rose [60, 63, 70], glucose [102], hyaluronic acid potassium salt [75] and cellulose [67–69] have 
been used as polymeric matrices for the one-step preparation of such polymer based nanocom-
posites. The preparation of composites containing polysaccharides in which in situ chemical 
or UV light reduction of metal ions occurred has been subject of great interest. Indeed, these 
nanocomposites can be applied in a variety of domains such as antimicrobial agents [66, 80], 
platforms for chemical detection [68, 69], textile dyeing monitoring process [67] and electronic 
paper [79]. For example, bacterial cellulose has been investigated as an alternative host matrix 
to vegetable cellulose in the preparation of electronic paper, SERS substrates and antimicrobial 
agents by using metal NPs as fillers. More recently, we have demonstrated that Raman imag-
ing is a useful technique to characterize and monitor the textile dyeing process of antimicrobial 
fabrics [67]. Figure 2 provides examples of cellulose composites for diverse applications.

The use of polysaccharides in the form of hydrogels have also been reported as matrices for dis-
persing metallic NPs, in certain cases showing capacity to collapse or be lyophilized upon drying 
and recover their structure by rehydration and subsequent use in SERS analysis [60, 63, 65]. For 

Figure 2. Examples of applications for cellulose based nanocomposites loaded with metal NPs: a) Raman image obtained 
using the integrated intensity of the Raman band at 1620 cm−1 in the SERS spectra of methylene blue 10−4 M using a linen 
based composite containing Ag NPs as substrate (excitation at 633 nm); [67] Ag/bacterial cellulose nanocomposites for 
SERS biodetection of phenylalanine; [69] c) Nanocomposites containing copper based NPs and cellulose to be used as 
antibacterial agents against Staphylococcus aureus [80].
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example, Brust and co⁻workers have described the preparation of Ag loaded agarose hydrogels, 
in which the metallic nanofillers are trapped inside the polymer network due to the agarose 
capability to dry and rehydrate. In this particular case, the use of agarose as polymeric matrix 
provides the formation of a recyclable SERS substrate, in which the 1-naphthalenethiol used as 
analyte can be washed out by dialysis and the composite can be reused again [60]

Nanocomposites containing gelatin [61, 76, 77], natural rubber [73] and distinct synthetic 
polymers [98–101] have been also prepared using in situ methods. For instance, Wu and 
his team have reported the fabrication of Ag loaded poly(styrene) microspheres using the 
chemical reduction method for the SERS detection of organic molecules such as dyes. [98]. 
The authors have used the complex [Ag(NH3)2]+ as precursor and the poly(vinylpyrrolidone) 
(PVP) and poly(dopamine) (PDA) as linkers to attach the Ag ions into the PS microspheres 
surface by hydroxylic and aminic groups.

3.2. Blending or “grafting to” approach

Blending metallic nanofillers with a polymeric matrix is a simple methodology to fabricate 
nanocomposites with efficient SERS activity [84, 104, 106, 107, 124]. Besides its simplicity, this 
is a cost-effective and easily scalable method over a large area [90, 130]. In the literature, there 
are some reports on the use of synthetic polymers such as poly(methyl metacrylate) [105, 109], 
poly(t-butyl acrylate) [107], polystyrene-block-poly(acrylic acid) [110] and poly(vinyl alcohol) 
[128] as matrices for the incorporation of metallic NPs and subsequent use as SERS platforms. 
Although not so common in SERS research context, natural polymers can also be used as 
polymeric matrices for the preparation of polymer based composites, in which water compat-
ible metal NPs are normally used. Marsch et al. have reported the development of a surface 
enhanced resonance Raman scattering (SERRS) substrate containing Ag NPs with a positive 
surface charge, due to a poly-L-lysine coating, which was then used in the analysis of organic 
anions [86]. In their work, these polymer based composites were successfully used as SERS 
substrates for the detection of bilirubin, a organic molecule of clinical interest formed as a meta-
bolic waste product of heme breakdown. More recently, Chang et al. have reported flexible 
SERS substrates based on common filter paper loaded with gold nanorods, which exhibited 
more than two orders of magnitude SERS enhancement compared to silicon-based SERS sub-
strates [92]. The authors have demonstrated that these platforms are excellent candidates for 
trace chemical and biological detection due to their efficient uptake, and transport of the ana-
lytes from the dispersing liquid to the surface of metal nanostructures.

Other examples of bionanocomposites containing metallic NPs have been reported including 
those based on chitosan [81], pullulan [83], cellulose [67, 79, 82], gelatin [85, 88] and carra-
geenan [84, 89]. Figure 3 illustrates the use of biopolymers and Ag NPs in the fabrication of 
composites for antimicrobial and SERS applications. In certain situations, these applications 
can be complementary, such as in the case of producing a gel that due to the presence of Ag 
not only has the ability for SERS detection but also lasts longer periods of time due to the 
antimicrobial characteristics.

In ex situ methods, the polymer can be used either as a continuous phase or as an aqueous 
emulsion. For example, Lee et al. have reported the preparation of several metallic nanofillers 
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persing metallic NPs, in certain cases showing capacity to collapse or be lyophilized upon drying 
and recover their structure by rehydration and subsequent use in SERS analysis [60, 63, 65]. For 

Figure 2. Examples of applications for cellulose based nanocomposites loaded with metal NPs: a) Raman image obtained 
using the integrated intensity of the Raman band at 1620 cm−1 in the SERS spectra of methylene blue 10−4 M using a linen 
based composite containing Ag NPs as substrate (excitation at 633 nm); [67] Ag/bacterial cellulose nanocomposites for 
SERS biodetection of phenylalanine; [69] c) Nanocomposites containing copper based NPs and cellulose to be used as 
antibacterial agents against Staphylococcus aureus [80].
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example, Brust and co⁻workers have described the preparation of Ag loaded agarose hydrogels, 
in which the metallic nanofillers are trapped inside the polymer network due to the agarose 
capability to dry and rehydrate. In this particular case, the use of agarose as polymeric matrix 
provides the formation of a recyclable SERS substrate, in which the 1-naphthalenethiol used as 
analyte can be washed out by dialysis and the composite can be reused again [60]

Nanocomposites containing gelatin [61, 76, 77], natural rubber [73] and distinct synthetic 
polymers [98–101] have been also prepared using in situ methods. For instance, Wu and 
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chemical reduction method for the SERS detection of organic molecules such as dyes. [98]. 
The authors have used the complex [Ag(NH3)2]+ as precursor and the poly(vinylpyrrolidone) 
(PVP) and poly(dopamine) (PDA) as linkers to attach the Ag ions into the PS microspheres 
surface by hydroxylic and aminic groups.

3.2. Blending or “grafting to” approach
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nanocomposites with efficient SERS activity [84, 104, 106, 107, 124]. Besides its simplicity, this 
is a cost-effective and easily scalable method over a large area [90, 130]. In the literature, there 
are some reports on the use of synthetic polymers such as poly(methyl metacrylate) [105, 109], 
poly(t-butyl acrylate) [107], polystyrene-block-poly(acrylic acid) [110] and poly(vinyl alcohol) 
[128] as matrices for the incorporation of metallic NPs and subsequent use as SERS platforms. 
Although not so common in SERS research context, natural polymers can also be used as 
polymeric matrices for the preparation of polymer based composites, in which water compat-
ible metal NPs are normally used. Marsch et al. have reported the development of a surface 
enhanced resonance Raman scattering (SERRS) substrate containing Ag NPs with a positive 
surface charge, due to a poly-L-lysine coating, which was then used in the analysis of organic 
anions [86]. In their work, these polymer based composites were successfully used as SERS 
substrates for the detection of bilirubin, a organic molecule of clinical interest formed as a meta-
bolic waste product of heme breakdown. More recently, Chang et al. have reported flexible 
SERS substrates based on common filter paper loaded with gold nanorods, which exhibited 
more than two orders of magnitude SERS enhancement compared to silicon-based SERS sub-
strates [92]. The authors have demonstrated that these platforms are excellent candidates for 
trace chemical and biological detection due to their efficient uptake, and transport of the ana-
lytes from the dispersing liquid to the surface of metal nanostructures.

Other examples of bionanocomposites containing metallic NPs have been reported including 
those based on chitosan [81], pullulan [83], cellulose [67, 79, 82], gelatin [85, 88] and carra-
geenan [84, 89]. Figure 3 illustrates the use of biopolymers and Ag NPs in the fabrication of 
composites for antimicrobial and SERS applications. In certain situations, these applications 
can be complementary, such as in the case of producing a gel that due to the presence of Ag 
not only has the ability for SERS detection but also lasts longer periods of time due to the 
antimicrobial characteristics.

In ex situ methods, the polymer can be used either as a continuous phase or as an aqueous 
emulsion. For example, Lee et al. have reported the preparation of several metallic nanofillers 
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with distinct sizes and shapes, which were used to decorated PS spheres stabilized in aqueous 
emulsion, producing active SERS platforms [104]. In addition, Fernández-López et al. have 
studied the thermoresponsive optical properties of poly(N-isopropylacrylamide) (pNIPAM) 
microgels doped with Au nanorods (Au NR) characterized by two different aspect ratios, 
observing a reversible behavior [112]. The thermoresponsive SERS sensitivity of the poly-
mer composites was also analyzed using three different laser lines, demonstrating excitation 
wavelength-dependent efficiency, which can be controlled by either the aspect ratio (length/
width) of the assembled Au NR or by the Au NR payload per microgel.

3.3. In situ polymerization and “grafting from” approach

Current polymerization procedures can be fine-tuned to fabricate metal load composites to 
be used as SERS active platforms. These include (mini)emulsion polymerization, suspen-
sion polymerization, atom transfer radical polymerization (ATRP) and reversible addition 
fragmentation chain transfer (RAFT). In in situ polymerization methods, the surface of the 
metallic nanofillers are modified with initiating species or chain transfer agents, allowing the 
growth of polymer chains from the metallic NPs surfaces [131]

By using the in situ emulsion polymerization, particles of the polymer based composite can 
be prepared with sizes ranging the micrometer and nanometer scale [117, 132]. In brief, this 
polymerization technique involves the formation of stable oil-in-water emulsions composed 
by small droplets of hydrophobic monomer dispersed in water that act as reactors after an 
initiator has been added. These micelles might contain surface modified inorganic NPs that at 
the end of the polymerization are coated or attached to the as prepared polymer.

Other polymerization strategies comprise the “grafting from” approach using reversible addition 
fragmentation chain transfer polymerization (RAFT) and atom-transfer radical polymerization 
(ATRP). There are a few reports on the use of ATRP and RAFT to produce metal/polymer SERS 

Figure 3. Blending of natural polymers and Ag NPs aiming at the fabrication of nanocomposites for SERS detection of 
analytes and antimicrobial applications.
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substrates. RAFT is a controlled radical polymerization approach, which involves multistep syn-
thesis and sequential purification procedures. This polymeric approach is commonly used in the 
preparation of polymers with sulfur end groups, namely xanthates, dithioesters and thiocarba-
mates, that can be easily reduced to thiols [58, 133]. Besides the control of molecular weight and 
dispersity indexes of the polymers, several molecular structures can be achieved with the RAFT 
polymerization namely brush polymers, linear block copolymers, dendrimers and stars [58, 78, 
116]. The polymer chains of the polymer based composites prepared by RAFT polymerization 
can be chemically functionalized with biomolecules that can be further used as SERS reports on 
the detection of specific analytes. In particular, metal loaded polymer composites functionalized 
with SERS reporters can be useful to conclude about the influence of the laser light source used 
in the target molecules or on the diffusion of the molecular probes through the polymer matrix. 
[58, 78, 134]. For example, Merican et al. have reported the surface modification of Au NPs with 
several SERS reporters, by using RAFT polymerization, in which a variety of polymers contain-
ing dithiocarbamate end groups were used. These polymer based composites were successfully 
used as SERS platforms for the detection of 2-naphthalenethiol and 2-quinolinethiol [58].

On the other hand, the ATRP approach controls the dispersity indexes and the molecular 
weight of the polymers by comprising an atom transfer step in the polymer chain growth 
phase in the polymerization [108, 120, 135, 136]. For example, core/shell structures prepared 
from surface functionalization of Au and Ag NPs by ATRP are often applied in a variety of 
fields such as catalysis, environmental monitoring, SERS detection and drug delivery [108, 
120–122]. Mangeney and co-workers have fabricated Au–pNIPAM composites via ATRP 
method for the detection of methylene blue [121]. The authors have demonstrated that these 
hybrid materials are thermosensitive platforms, in which the Raman signal of the dye mol-
ecules increase with the increase of temperature. In addition, Yin et al. have reported the 
preparation of Au loaded polymer composites by ATRP approach to be used as SERS sensors 
with specific selectivity for Cd2+ [122].

Our own investigation in this field has the focus on the preparation of such polymer based 
composites by in situ polymerization using distinct synthetic strategies, such as emulsion 
[137], suspension [138, 139] and (mini)emulsion polymerization [140, 141], a variant of emul-
sion polymerization. In the latter, the emulsions are nanosized and organically capped NPs 
can be allocated in the interior of the hydrophobic monomer droplets [142, 143]. The final 
properties of the polymer based composites can be tuned by varying several parameters 
namely the amount of monomer, surfactant, the size and surface organic capping of the inor-
ganic NPs [143]. We have reported several organically capped NPs successfully coated with a 
series of polymers, using the (mini)emulsion polymerization, namely metallic NPs [113–115, 
119], quantum dots [141, 144–146], ferromagnetic NPs [147] and lanthanide compounds [148, 
149] Esteves et al. have reported pioneer research in this field by describing the encapsula-
tion of TOPO capped CdS and CdSe quantum dots (QDs) using poly(styrene) and poly(t-
butylacrylate) as polymeric matrices [141]. They have demonstrated that by using the (mini)
emulsion polymerization method, organically capped QDs NPs could be used as fillers lead-
ing to nanocomposites that still exhibit the typical photoluminescence of the dots at room 
temperature. Pereira and co-workers have synthesized oleylamine capped EuS nanocrys-
tals from single-molecule precursors and investigated their use as fillers for  polymer based 
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dispersity indexes of the polymers, several molecular structures can be achieved with the RAFT 
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116]. The polymer chains of the polymer based composites prepared by RAFT polymerization 
can be chemically functionalized with biomolecules that can be further used as SERS reports on 
the detection of specific analytes. In particular, metal loaded polymer composites functionalized 
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[58, 78, 134]. For example, Merican et al. have reported the surface modification of Au NPs with 
several SERS reporters, by using RAFT polymerization, in which a variety of polymers contain-
ing dithiocarbamate end groups were used. These polymer based composites were successfully 
used as SERS platforms for the detection of 2-naphthalenethiol and 2-quinolinethiol [58].
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phase in the polymerization [108, 120, 135, 136]. For example, core/shell structures prepared 
from surface functionalization of Au and Ag NPs by ATRP are often applied in a variety of 
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120–122]. Mangeney and co-workers have fabricated Au–pNIPAM composites via ATRP 
method for the detection of methylene blue [121]. The authors have demonstrated that these 
hybrid materials are thermosensitive platforms, in which the Raman signal of the dye mol-
ecules increase with the increase of temperature. In addition, Yin et al. have reported the 
preparation of Au loaded polymer composites by ATRP approach to be used as SERS sensors 
with specific selectivity for Cd2+ [122].

Our own investigation in this field has the focus on the preparation of such polymer based 
composites by in situ polymerization using distinct synthetic strategies, such as emulsion 
[137], suspension [138, 139] and (mini)emulsion polymerization [140, 141], a variant of emul-
sion polymerization. In the latter, the emulsions are nanosized and organically capped NPs 
can be allocated in the interior of the hydrophobic monomer droplets [142, 143]. The final 
properties of the polymer based composites can be tuned by varying several parameters 
namely the amount of monomer, surfactant, the size and surface organic capping of the inor-
ganic NPs [143]. We have reported several organically capped NPs successfully coated with a 
series of polymers, using the (mini)emulsion polymerization, namely metallic NPs [113–115, 
119], quantum dots [141, 144–146], ferromagnetic NPs [147] and lanthanide compounds [148, 
149] Esteves et al. have reported pioneer research in this field by describing the encapsula-
tion of TOPO capped CdS and CdSe quantum dots (QDs) using poly(styrene) and poly(t-
butylacrylate) as polymeric matrices [141]. They have demonstrated that by using the (mini)
emulsion polymerization method, organically capped QDs NPs could be used as fillers lead-
ing to nanocomposites that still exhibit the typical photoluminescence of the dots at room 
temperature. Pereira and co-workers have synthesized oleylamine capped EuS nanocrys-
tals from single-molecule precursors and investigated their use as fillers for  polymer based 
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composites [148]. In this work, it was demonstrated that the magnetic properties observed 
for the EuS/poly(styrene) nanocomposites have varied in comparison to the starting EuS 
 nanocrystals, which result from surface effects due to dispersion of the EuS nanocrystals 
within the polymer beads. Martins et al. have obtained stable aqueous emulsions of distinct 
polymer based composites containing either Au NPs or CoPt3 NPs via (mini)emulsion polym-
erization method. In the former, the optical properties of such composites depend not only 
on the Au NPs employed in their synthesis but also on the resulting morphology for the final 
composites [119]. In the later, they have demonstrated for the first time the preparation of a 
ferromagnetic polymer based composite composed by a magnetic core of CoPt3 NPs encap-
sulated by poly(t-butylacrylate) [147]. As a proof of concept, the chemical binding of bovine 
IgG antibodies to the hydrolyzed surfaces of CoPt3/PtBA nanocomposites was described. 
This strategy has established an interesting route for the development of nanocomposites 
materials for in vitro bioanalysis assays, which have been extended to other magnetic mate-
rials [150]. Figure 4 presents TEM images of several polymer based composites prepared 
by (mini)emulsion polymerization. Although this method allows the preparation of diverse 

Figure 4. TEM images of nanocomposites prepared by (mini)emulsion polymerization: a) Ag/poly(methyl metacrylate); 
[115] b) EuS/poly(styrene) ([148]–Reproduced by permission of The Royal Society of Chemistry); c) Au/poly(styrene) 
(adapted with permission from [119]) and d) Fe3O4/poly(styrene) particles mixed with free PS beads (courtesy of P. C. 
Pinheiro).
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metal loaded polymer  nanocomposites, there is also the presence of free polymer particles in 
the final emulsion. For certain applications this is not  necessarily a limitation but nevertheless 
other options should be considered. For example, the use of magnetic NPs as fillers, such as in 
the case shown in Figure 4d for magnetite in poly(styrene), allows the application of magnetic 
separation in order to separate the nanocomposite from the free polymer beads.

4. Metal loaded polymer nanocomposites as SERS substrates

In the last years, a series of polymer-based nanocomposites containing plasmonic metal NPs 
have been investigated as a new class of SERS substrates. The preparation and properties of such 

Polymer matrix Metallic NPs Applications

Natural Gelatin Ag Biomolecular detection [61]

Environmental monitoring [85]

Cu Biomolecular detection [77]

Gum Arabic Ag Biomolecular detection [62]

Agarose Ag Biomolecular detection [63, 70]

SERS mapping and imaging [60, 63]

Ultradetection or single molecule detection [60]

Cellulose based materials Ag Biomolecular detection [69]

SERS mapping and imaging [67, 68]

Au Biomolecular detection [91]

Medical diagnosis and target detection [157]

Carrageenan Ag Biomolecular detection [84]

Paraffin Ag Biomolecular detection [90]

Alginate Ag Biomolecular detection [94]

Au Biomolecular detection [94]

Au@Ag Biomolecular detection [94]

Chitosan Ag Medical diagnosis and target detection [64]

In situ molecular changes monitoring [65]

Au Biomolecular detection [74]
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Poly-l-lysine Ag Medical diagnosis and target detection [86]

Bovine serum albumin Ag Medical diagnosis and target detection [151]

Natural rubber Au Ultradetection or single molecule detection [73]

SERS mapping and imaging [73]

Hyaluronic acid potassium salt Au Biomolecular detection [75]
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metal loaded polymer  nanocomposites, there is also the presence of free polymer particles in 
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Polymer matrix Metallic NPs Applications

Synthetic Poly(amide) Ag Biomolecular detection [87]

Poly(vinyl alcohol) Ag Biomolecular detection [95, 101]

Substrate characterization [97]

Au Biomolecular detection [126]

Medical diagnosis and target detection [126]

Au@Ag Biomolecular detection [128]

Cu@Ag Biomolecular detection [103]

Poly(styrene) Ag Biomolecular detection [98]

Substrate characterization [104]

Medical diagnosis and target detection [98, 117]

Poly(vinylpyrrolidone) Ag Biomolecular detection [99, 102, 105]

Poly(aniline) Ag Biomolecular detection [100]

Poly(t-butylacrylate) Ag Biomolecular detection [113, 114]

Au Biomolecular detection [107]

Poly(methyl methacrylate) Ag Biomolecular detection [115]

Poly(acrylamide) Ag Biomolecular detection [118]

Poly(acryloyl) Hydrazine Ag Biomolecular detection [162]

Poly(ethylene glycol) Au Medical diagnosis and target detection [11, 163]

Heavy metal detection [122]

Au@Ag SERS mapping and imaging [93]

Poly(pyrrole) Ag Substrate characterization [96]

poly(ethylene glycol)

diacrylate

Ag Medical diagnosis and target detection [164]

Poly(ethylene glycol 
dimethacrylate)

Au Medical diagnosis and target detection [109]

poly(ethylene glycol 
dimethacrylate-co-acrylonitrile)

Au Medical diagnosis and target detection [124]

SERS mapping and imaging [124]

Poly(styrene)-block-poly(acrylic 
acid)

Au Biomolecular detection [110]

Poly(N-isopropylacrylamide) Au Biomolecular detection [121]

Ultradetection or single molecule detection [123]

Au@Ag Biomolecular detection [125]

Fe3O4@Ag Environmental monitoring [48]

Poly(vinylidene fluoride) Ag Biomolecular detection [87]

Au Biomolecular detection [165]

Poly(hexamethylene adipamide) Au Ultradetection or single molecule detection [161]

Poly(acrylonitrile) Ag Biomolecular detection [127]

Poly(sodium 4-styrenesulfonate) Au@Ag Biomolecular detection [155]

Table 2. SERS applications of metal/polymer nanocomposites.
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composites depends on the type of coating employed to stabilize the metal NPs, which were used 
as fillers. As discussed in the previous chapter, metal loaded polymer composites can be pre-
pared by using different matrices such as synthetic [107, 113, 114, 123, 132] or natural polymers 
[61–63, 84, 87, 90, 151]. Polymer based composites containing metal NPs are of great interest due 
to their multifunctionality and potential for large-scale fabrication at low cost [23, 107, 152–154]

In the context of SERS, these composites appear as a promising alternative for the devel-
opment of efficient and scalable substrates for the detection of molecular species, such 
as dyes [68, 73, 95, 102, 103, 105, 121], biomolecules [64, 74, 75, 101, 113, 123, 155], and 
environmental pollutants [48, 60, 85]. For example, the application of polymer-based com-
posites as stable and active smart devices or SERS chips has increased in the last years 
[126, 156–159]. Gao et al. have described the preparation of chips composed by metal NPs 
embedded in polymer nanofibers mats. [126]. The authors have demonstrated that such 
composites doped with distinct metal NPs are facile to store and to transport, and can be 
easily fixed in slides or in microfluidic channels for SERS detection of a variety of analytes. 
Long and co-workers have reported SERS assays loaded with Ag NPs that result from a 
low-cost production process by using screen printing techniques [156]. Chen et al. have 
decorated commercial tape with Au NPs to be used as SERS platforms for the directly 
extraction and trace detection of pesticide in vegetables and fruits by a “paste and peel 
off” procedure [158]

Polymer nanocomposites containing metal NPs offer some advantages in SERS applications, 
namely by considering a judicious choice of the polymer used as the matrix. The polymer 
can be selected, for example, to provide a stimuli responsive platform or a porous polymeric 
matrix that facilitates the diffusion and entrapment of the biomolecules under analysis. In this 
context, an important objective in the application of SERS substrates has been the analysis of 
vestigial amounts of the target analyte for which minimal specimen preparation is required 
[69, 70, 72, 73, 107, 114, 115]. This is relevant to implement analytical protocols as many SERS 
applications are foreseen, such as environmental monitoring [48, 74], SERS mapping and 
imaging [67, 68, 93], medical diagnosis [109, 124, 126, 151, 160, 161] and substrate characteriza-
tion [71, 96, 107]. Table 2 lists polymer based composites mentioned in this chapter with the 
corresponding SERS applications by taking into account the type of polymer and the metal 
nanofillers employed.

In these nanocomposites, the polymer can also act as an active coating with influence in the 
interparticle distances of the dispersed plasmonic metal NPs and their close surroundings. 
These changes can endorse the formation of SERS active sites, the so called hot spots, that can 
be further accessed by molecular probes through diffusion in the polymeric matrix [113, 114, 
152, 164]. Braun et al. have reported a general approach to create hot spots in SERS substrates 
via NPs linking, polymer coating and molecular permeation [152]. The polymer coating holds 
the analyte within the nanojunctions created by several Ag NPs trapped within the polymer. 
However, this approach requires the use of a linking agent prior substrate preparation and 
has been reported only for analyte detection in solution. More recently, Kim and co-workers 
have reported the preparation of microgels containing Ag nanocubes, providing molecular 
size-selective permeability and high SERS sensitivity for acetylsalicylic acid (aspirin) [164]. 
The size of the Ag aggregates in the microgel matrix allows selective diffusion of small mol-
ecules and also promotes the formation hot spots in the close vicinity of the Ag nanocubes. As 
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Table 2. SERS applications of metal/polymer nanocomposites.
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composites depends on the type of coating employed to stabilize the metal NPs, which were used 
as fillers. As discussed in the previous chapter, metal loaded polymer composites can be pre-
pared by using different matrices such as synthetic [107, 113, 114, 123, 132] or natural polymers 
[61–63, 84, 87, 90, 151]. Polymer based composites containing metal NPs are of great interest due 
to their multifunctionality and potential for large-scale fabrication at low cost [23, 107, 152–154]
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[126, 156–159]. Gao et al. have described the preparation of chips composed by metal NPs 
embedded in polymer nanofibers mats. [126]. The authors have demonstrated that such 
composites doped with distinct metal NPs are facile to store and to transport, and can be 
easily fixed in slides or in microfluidic channels for SERS detection of a variety of analytes. 
Long and co-workers have reported SERS assays loaded with Ag NPs that result from a 
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such, these nanocomposite enable the Raman analysis of small molecules dissolved in com-
plex mixtures of proteins and cells without sample pre-treatment.

Metal loaded polymer composites are also suitable for applying analyte trapping strategies 
[22, 118, 123, 152, 166]. For instance, the diffusion of the analyte molecules within the polymer 
towards the metal surface can be facilitated not only by existent porosity but also by external 
stimuli such as temperature, pH, ionic strength and dehydration [22, 84, 88, 123, 162, 163, 
165]. Fateixa el al. have demonstrated that the gel strength of carrageenan hydrogel compos-
ites loaded with Ag NPs can be correlated with the signal enhancement observed in SERS 
studies [84]. This research has focused on the effect of hydrogel strength and temperature on 
the SERS behavior of these bionanocomposites for the detection of 2,2′- dithiodipyridine. In 
order to vary the gel strength of the biocomposite, several procedures were employed, such 
as the increase of the polysaccharide content in the gel, the addition of KCl as cross-linker, 
and varying the type of carrageenan (κ, ι, λ) gel. The authors have reported an increase in the 
SERS signal as the gel strength increased, which was attributed to the presence of sites with 
strong local electromagnetic field, that result from the formation of Ag particles nanojunc-
tions as the carrageenan macromolecules tended to rearrange into stronger gels (Figure 5). 
Also, Contreras-Cáceres et al. have prepared core/shell microgel particles composed by a 
poly-(N-isopropylacrylamide) (pNIPAM) shell and a metallic core such as Au and Au@Ag 
nanospheres or nanorods [41, 123, 125]. In these systems, the molecules under analysis, which 
were trapped in the thermoresponsive polymer shells and at the vicinity of the metal sur-
face, experience an enhancement of the Raman signal of about 105 times [41, 123, 125]. More 
recently, multifunctional substrates have been investigated by conferring magnetic proper-
ties to SERS substrates, thus allowing extraction of the molecular probes from liquid phase 
prior SERS analysis [48]. In this case, by encapsulating Fe3O4@Ag NPs in thermoresponsive 
pNIPAM shells, an increase of temperature promoted the formation of hot pots close to the Ag 
NPs. These new platforms were applied to monitor trace amounts of pentachlorophenol, a 
chlorinated environmental pollutant.

Figure 5. Illustration of biopolymer helices aggregation and consequently the creation of highly SERS sensitive Ag/k-
carrageenan hydrogels and digital photographs of Ag/carrageenan hydrogels with variable carrageenan amount (left); 
SERS spectra of 2’2-dithiopyridine using Ag/k-carrageenan hydrogels as substrates with variable amount of biopolymer: 
(a) 5 g/dm3; (b) 10 g/dm3; (c) 20 g/dm3; (d) 30 g/dm3 (right) [84] (Reprinted with permission from ([84]). Copyright (2017) 
American Chemical Society.)
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An interesting feature offered by certain polymer nanocomposites employed as SERS sub-
strates is their chemical functionalization envisaging molecular recognition [106, 152, 167]. Nie 
et al. have reported a strategy to detect tumors in living animals, using SERS substrates based 
on pegylated Au NPs [111]. In this research, the surface of Au NPs were functionalized with 
organic dyes, namely diethylthiatricarbocyanine and malachite green, which acts as Raman 
reporters. The Au NPs were coated with a polyethylene glycol with a thiol group and then 
functionalized with antibody fragments, which would target the tumor. The tumor detection 
was successfully accomplished using the SERS technique, monitoring the signal of the corre-
sponding Raman reporters. Additionally, Batt and co-workers have successfully prepared an 
apta-sensing SERS substrate composed by polymer-Au NP-aptamer composite microspheres 
that allows the detection of a target molecule such as malathion [109]. They have demon-
strated that these nanocomposites when attached to an aptamer have extraction capabilities 
for a pesticide, whose Raman signal is strongly enhanced due to the presence of the Au NPs.

Our research group has reported a series of polymer-based nanocomposites that enable the 
SERS detection of several analytes (Figure 6). In this context, synthetic polymers as well as 
polymers of natural origin have been investigated for these purposes. Examples include 
nanocomposites based on poly(t-butylacrylate), poly(methyl metacrylate), cellulose, linen, 

Figure 6. SERS analysis of biomolecules using polymer based composites as substrates. 1. detection of a DNA nucleobase 
using organically capped silver nanoparticles encapsulated with poly(t-butylacrylate) as SERS substrates; [113] 2. Au 
nanorods with poly(t-butylacrylate) for the detection of 2,2’-dithiodipyridine; [107] 3. Ag/gelatin nanocomposites as 
active SERS platforms for pesticide detection and release [85].
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such, these nanocomposite enable the Raman analysis of small molecules dissolved in com-
plex mixtures of proteins and cells without sample pre-treatment.
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Figure 5. Illustration of biopolymer helices aggregation and consequently the creation of highly SERS sensitive Ag/k-
carrageenan hydrogels and digital photographs of Ag/carrageenan hydrogels with variable carrageenan amount (left); 
SERS spectra of 2’2-dithiopyridine using Ag/k-carrageenan hydrogels as substrates with variable amount of biopolymer: 
(a) 5 g/dm3; (b) 10 g/dm3; (c) 20 g/dm3; (d) 30 g/dm3 (right) [84] (Reprinted with permission from ([84]). Copyright (2017) 
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using organically capped silver nanoparticles encapsulated with poly(t-butylacrylate) as SERS substrates; [113] 2. Au 
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carrageenan and  gelatin, loaded with colloidal Ag NPs as SERS substrates. Ultimately, these 
nanocomposites might find use to fabricate analytical platforms for distinct end uses, such as 
paper products, smart textiles, thermosensitive materials and drug delivery [67, 69, 84, 85]. 
Fateixa et al. have described Ag/gelatin A hydrogel samples with distinct gel strength as plat-
forms for SERS detection and release of EtDTC, a pesticide model [85]. In this work, SERS 
was investigated as a spectroscopic method to detect the presence of low amounts of EtDTC 
in gelatin hydrogels, following the gradual release of the pesticide into water used as the dis-
persing medium. Noteworthy, this methodology can be used as an alternative to monitor the 
performance of hydrogel vehicles in the controlled release of pesticides, namely during the 
formulation and optimization stages of fabrication. On the other hand, PtBA matrices coating 
organically capped Ag NPs can be used either as aqueous emulsions or as cast films for active 
SERS substrates [114]. In this research, Trindade and co-workers have reported metal loaded 
polymer based composites with sensitivity for the SERS detection of thiosalicylic acid, even after 
the nanocomposite has been submitted to a temperature cycle (−60 to 65°C). The observations 
were interpreted by considering that the thiosalicylic acid molecules were entrapped within the 
polymer network and close to the Ag NPs. Similarly, DNA nucleobases, such as adenine, have 
been reported and detected by SERS using metal loaded polymer nanocomposites obtained by 
(mini)emulsion polymerization, namely Ag/PtBA and Ag/poly(metametylacrylate) (PMMA) 
[113, 115]. In addition, other plasmonic NPs can be used for the preparation of such polymer 
composites via (mini)emulsion polymerization namely gold nanorods (AuNRs). Fateixa et al. 
have reported SERS substrates obtained by a blending method of colloidal Au nanorods and 
PtBA aqueous emulsions [107]. The use of the blending method in this case limits morpho-
logical modifications of the rods that otherwise could occur in more drastic conditions. The 
composite blends were evaluated as SERS substrates, showing stronger signal enhancement 
when compared to the original Au NRs colloid, and using 2,2-dithiodipyridine as the analytical 
probe. This strategy involves a low-cost process with potential for the up-scale fabrication of 
SERS substrates, namely by using other types of polymers.

5. Raman imaging of functional polymer nanocomposites

In the last two decades, the rapid development of SERS has been in line with the scientific 
advances in nanofabrication and Raman instrumentation such as confocal Raman microscopy. 
Confocal Raman microscopy combines digital imaging technology with Raman spectroscopy 
in order to evaluate the chemical composition, molecular structure and spatial distribution of 
molecular components in a certain material, giving information about its homogeneity at the 
microscale level [168–171]. Delhaye and Dhamelincour have demonstrated for the first time 
the possibility to combine Raman spectroscopy and mapping microscopy in 1975 on a paper 
entitled “Raman microprobe and microscope with laser excitation” [172]. The authors have 
described the technique in detail, giving applications of the system such as the study of vari-
ous materials such as rocks, plastics, composite materials, phases and inclusions and defects 
in solids. They emphasized that this new technique could became a valuable tool for the study 
of chemical reactions in micro-samples and also extended to biological samples.

Raman Spectroscopy106

In Raman imaging, thousands of linearly independent and spatially resolved spectra of the 
compounds existent in the specimen, are collected and analyzed. Among these spectra, the 
intensities of diagnosis bands for each species can be analyzed to generate images that are true 
maps for the spatial distribution of the compounds without the use of strains, dyes or contrast 
agents. This is a great advantage for materials characterization because little or no sample 
preparation is needed to characterize heterogeneous matrices [168–171, 173]. In fact, this tech-
nique is so versatile that has been applied in several fields, including pharmaceuticals’ analy-
sis [174–179], biology [180–182], biomedicine [183–186], label-free cell imaging [187–191], food 
industry [192–194], threat detection [195–197] and more fundamental research [198–202].

For pharmaceutical industry, the Raman imaging technique became an important analytical 
tool to trace the active pharmaceutical ingredient (API) heterogeneity in tablet or granulates, 
controlled release systems, and orally inhaled and nasal drug products [174–176]. Šašić has 
reported the use of Raman imaging for the spatial distribution of the API and major excipient 
(mannitol) on common pharmaceutical tablets and granulates [175, 176]. In the same year, 
Widjaja et al. have reported the combination of Raman imaging with advanced multivariate 
data analysis method, namely band-target entropy minimization (BTEM) for the identifica-
tion of minor components of pharmaceutical drug tablets [177]. They have detected, in model 
pharmaceutical tablets, minor components level as low as 0.2% by weight. In addition, the 
identification and quantification of polymorph forms, unique crystal packing lattice forms 
of molecules, of API is another important issue for pharmaceutical analysis and nowadays is 
routinely performed using Raman imaging. For example, Henson and Zhang have reported 
the detection and spatial distribution of a polymorphic impurity (0.05% w/w) of active phar-
maceutical ingredient in a tablet, using Raman imaging [178]. Lin et al. have demonstrated the 
use of Raman mapping for microscopic characterization of the surface of tablets containing 
chloramphenicol palmitate polymorphs [179]

Besides the chemical specificity, Raman spectroscopy coupled with microscopy maps may 
hold several other desirable properties for imaging applications, such as high spatial resolu-
tion, multiplexing capability, low background signal, and excellent photostability [170, 171]. 
Over the past years, Raman imaging techniques have been developed in step with the latest 
Raman fields, such as coherent anti-Stokes Raman spectroscopy (CARS) [203–207], surface 
enhanced Raman scattering (SERS) [67, 169, 173, 208–210] and tip-enhanced Raman scattering 
(TERS) [170, 211–215].

The current developments in Raman imaging have brought a new overview on SERS plat-
forms. There are few reports on the use of Raman imaging together with SERS methods, 
which makes SERS imaging an unexploited resource to answer unsolved questions about 
the materials functionalities and NPs synthesis, and complement substrates characteriza-
tion in SERS platforms [67, 169, 173, 208–210]. SERS imaging has been successfully applied 
in different areas such as cellular imaging [173, 208, 216, 217], in vivo biosensing [218–221], 
pharmaceutics and cosmetics [209, 210] and textile industries [67, 68]. Some examples can be 
cited, Chao et al. have reported the use of diamond nanoparticles with two different sizes 
(5 and 100 nm) as SERS probes to bio-label human lung epithelial cells [217]. The interac-
tion of the nanoparticles and the cells were probed by SERS imaging, demonstrating that 
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the  nanoparticles are not toxic to the cells. Gambhir and co-workers have injected Au@SiO2 
nanoparticles into a live mouse and have studied the mouse’s liver through the skin using 
SERS mapped images [221]. In addition, Firkala el al. have reported, for the first time, the 
application of surface enhanced Raman imaging on pharmaceutical tablets containing an API 
in very low concentrations, using Ag colloids as SERS probes [209].

It is of special interest to mention in the context of this chapter that SERS imaging has been a 
useful technique to identify the SERS active sites in polymer based nanocomposite substrates 
[60, 63, 67, 68, 73, 93, 160]. SERS imaging has been applied to Ag/agarose beads films, giving an 
idea of the distribution of the hot spots in the polymer matrix [63]. Highly sensitive biological 
imaging of HEK293 cells expressing PLCγ1 cancer markers were obtained, using Au/Ag core-
shell NPs, conjugated with monoclonal antibodies [93]. A porphyrin−phospholipid conjugate 
with quenched fluorescence have been reported as a Raman reporter molecule for SERS based 

Figure 7. (1) AFM topography image of Ag/PtBA composites prepared by (mini)emulsion polymerization (A) before and 
(B) after the addition of 10 μL of an ethanolic solution of thiosalicylic acid 10−3 M; C) optical photograph of the sample 
with the scanned area marked in red; D) Raman images obtained using the integrated intensity of the Raman band at 
1035 cm−1 in the SERS spectra of thiosalicylic acid 10−3 M using the Ag/PtBA composite as substrates; E) SERS spectrum 
of thiosalicylic acid (10−3 M) using Ag/PtBA composites as substrate (laser source: 532 nm); (2) Optical photograph (left) 
and combined Raman image (right), using two different Raman spectra of methylene blue (100 μM) adsorbed on Ag/
linen composite Inset: Raman spectra of monomer form and a mixture of monomer and dimer of MB used to create the 
combined Raman image [68].
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imaging [160]. The spatial distribution of thiophenol and an organic dye were achieved by SERS 
mapping using smart films composed by natural rubber containing Au NPs [73]

We have been particularly interested in exploring Raman imaging in the characterization of 
SERS substrates. An illustrative example comprises the development of SERS substrates based 
on PtBA polymer beads coated with organically capped Ag NPs, accomplishing information 
at the level of both the substrate surface and the molecular adsorbate distribution (Figure 7-1) 
[114]. By coupling SERS images with AFM, we observed a rearrange of the polymeric chains 
of the PtBA after the addition of the analyte dispersed in ethanol, allowing a better diffusion 
of the molecular probe through the matrix and closer to the Ag NPs. This proximity enhanced 
the Raman signal of the thiosalicylic acid and their spacial distribution can be observed in the 
SERS images. In addition, linen fibers loaded with Ag NPs and then stained with methylene 
blue (MB) were investigated using SERS imaging. MB was selected as the molecular probe not 
only because it is a common organic dye but also due to the formation of dimer or monomer 
species, each one with characteristic visible absorption and Raman spectra. We have demon-
strated that the SERRS effect together with confocal Raman microscopy offer a new tool to 
map the local distribution of the MB dye in the fibers and consequently the distribution of 
Ag NPs over the fabrics, using Raman imaging [67]. In addition, it is also possible to assess 
the preferred adsorbate form of MB on distinct types of nanocomposite fibers and their local 
distribution (Figure 7-2) [68]. This investigation allows to foresee the use of this approach 
in terms of quality control of antimicrobial Ag containing fabrics, which is a market in great 
expansion.

6. Conclusions and outlook

The development of polymer based composites as active SERS substrates has contributed 
considerably to the rise of this methodology as an important and significantly tool in sev-
eral analytical contexts. This improvement could only be achieved due to the development 
of more versatile and powerful instruments, including portable Raman equipment, and a 
deeper knowledge about the underlying mechanisms in the Raman effect that occur in mol-
ecules adsorbed at metal surfaces. It should be also emphasized the unprecedented progress 
observed in the past decades on the synthesis of nanostructures having controlled morphol-
ogy. Interestingly, it has become clear that improvements in SERS have also impact on the 
knowledge that we have about the materials required as substrates for applying such spec-
troscopic technique. In this chapter, the most recent developments in metal loaded polymer 
nanocomposites for SERS studies were reviewed, showing their applicability into diverse 
areas due to their multifunctional properties. The vestigial SERS detection of specific mol-
ecules using Raman reporters, SERS tags and specific external stimuli are examples of further 
developments in SERS technologies dependent on materials development. This research has 
also shown that Raman imaging combined with other techniques such as SERS are valuable 
assets that complement or eventually provide unique characterization data, with particular 
relevance in the use of polymer based composites as SERS platforms.
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the  nanoparticles are not toxic to the cells. Gambhir and co-workers have injected Au@SiO2 
nanoparticles into a live mouse and have studied the mouse’s liver through the skin using 
SERS mapped images [221]. In addition, Firkala el al. have reported, for the first time, the 
application of surface enhanced Raman imaging on pharmaceutical tablets containing an API 
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shell NPs, conjugated with monoclonal antibodies [93]. A porphyrin−phospholipid conjugate 
with quenched fluorescence have been reported as a Raman reporter molecule for SERS based 

Figure 7. (1) AFM topography image of Ag/PtBA composites prepared by (mini)emulsion polymerization (A) before and 
(B) after the addition of 10 μL of an ethanolic solution of thiosalicylic acid 10−3 M; C) optical photograph of the sample 
with the scanned area marked in red; D) Raman images obtained using the integrated intensity of the Raman band at 
1035 cm−1 in the SERS spectra of thiosalicylic acid 10−3 M using the Ag/PtBA composite as substrates; E) SERS spectrum 
of thiosalicylic acid (10−3 M) using Ag/PtBA composites as substrate (laser source: 532 nm); (2) Optical photograph (left) 
and combined Raman image (right), using two different Raman spectra of methylene blue (100 μM) adsorbed on Ag/
linen composite Inset: Raman spectra of monomer form and a mixture of monomer and dimer of MB used to create the 
combined Raman image [68].
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imaging [160]. The spatial distribution of thiophenol and an organic dye were achieved by SERS 
mapping using smart films composed by natural rubber containing Au NPs [73]
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distribution (Figure 7-2) [68]. This investigation allows to foresee the use of this approach 
in terms of quality control of antimicrobial Ag containing fabrics, which is a market in great 
expansion.

6. Conclusions and outlook

The development of polymer based composites as active SERS substrates has contributed 
considerably to the rise of this methodology as an important and significantly tool in sev-
eral analytical contexts. This improvement could only be achieved due to the development 
of more versatile and powerful instruments, including portable Raman equipment, and a 
deeper knowledge about the underlying mechanisms in the Raman effect that occur in mol-
ecules adsorbed at metal surfaces. It should be also emphasized the unprecedented progress 
observed in the past decades on the synthesis of nanostructures having controlled morphol-
ogy. Interestingly, it has become clear that improvements in SERS have also impact on the 
knowledge that we have about the materials required as substrates for applying such spec-
troscopic technique. In this chapter, the most recent developments in metal loaded polymer 
nanocomposites for SERS studies were reviewed, showing their applicability into diverse 
areas due to their multifunctional properties. The vestigial SERS detection of specific mol-
ecules using Raman reporters, SERS tags and specific external stimuli are examples of further 
developments in SERS technologies dependent on materials development. This research has 
also shown that Raman imaging combined with other techniques such as SERS are valuable 
assets that complement or eventually provide unique characterization data, with particular 
relevance in the use of polymer based composites as SERS platforms.
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Abstract

Organophosphorus nerve agents, such as sarin, tabun, cyclosarin and soman, belong to
the most toxic substances. So, it is very important to quickly detect it in trace-level and
on-site or portable way. But, both fast and trace detections have been expected because
current techniques are of low sensitivity or of poor selectivity and are time-consuming.
The surface-enhanced Raman scattering (SERS)-based detection could be a suitable and
effective method. However, the organophosphorus nerve agents only very weakly inter-
act with highly SERS-activated noble metal substrates and are hardly adsorbed on them.
In this case, it is difficult to detect such molecules, with reproducible or quantitative
measurements and trace level, by the normal SERS technique. Recently, there have been
some works on the SERS-based detection of the organophosphorus molecules. In this
chapter, we introduce the main progresses in this field, including (1) the thin water film
confinement and evaporation concentrating strategy and (2) the surface modification
and amidation reaction. These works provide new ways for highly efficient SERS-based
detection of the organophosphorus nerve agents and some other target molecules that
weakly interact with the coin metal substrates.

Keywords: SERS-based sensitive detection, organophosphorus nerve agents, thin water
film confinement, concentrating-enhanced Raman scattering effect, surface
modification, amidation reaction

1. Introduction

Organophosphorus nerve agents (such as sarin, tabun, cyclosarin and soman, etc.) belong to
the high-risk chemicals with strong poison [1]. When a person is exposed to such nerve agents,
sarin for example, with 1.43 ppm, death would occur in few minutes if the agent is inhaled
through his/her respiratory system. Even if the nerve agent enters the body through the skin or
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1. Introduction

Organophosphorus nerve agents (such as sarin, tabun, cyclosarin and soman, etc.) belong to
the high-risk chemicals with strong poison [1]. When a person is exposed to such nerve agents,
sarin for example, with 1.43 ppm, death would occur in few minutes if the agent is inhaled
through his/her respiratory system. Even if the nerve agent enters the body through the skin or
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through consumption, poisoning would occur in few hours [2]. It is thus vital to fast detect
them in highly sensitive and portable way. There have existed some methods for the detection
of these organophosphorus molecules, such as gas chromatography coupled to a mass spec-
trometer, ion mobility time-of-flight mass spectrometry, gas sensing and microcantilever, and
so on [2–5]. But, these current techniques are of low sensitivity or of poor selectivity and are
time-consuming. Both quick and trace detection of them have been expected and are most
challenging.

The detection based on surface-enhanced Raman scattering (SERS) effect, which has been
extensively reported since its discovery in the 1970s [6–14], would be an appropriate and
effective method for fast and ultrasensitive detection. The SERS effect originates from a signif-
icant enhancement in the effective Raman cross-section of the target molecules situated at or
very near to the roughened noble metal surfaces or colloidal particles [15–25]. The detection
based on the SERS effect has the characteristics of high sensitivity, fast response and fingerprint
recognition with the ability to be close to a single molecule level [26–29]. The main contribution
of amplification of Raman signal intensity arises from the local electromagnetic field enhance-
ment due to the surface plasmon resonance (SPR) of the metal nanoparticles, which has been
extensively reported [15–21]. In a conventional SERS detection technique, the target molecules
need to stay on the “hot spots” or within the strong electromagnetic field enhancement areas
above the SERS substrates [30, 31]. Traditionally, the SERS-based detection is limited to the
target molecules, which have high affinity with the metal (gold or silver, etc.) surfaces. It is
thus a prerequisite that the substrates can capture or adsorb the target molecules within the
strong field-enhancement areas or on the hot spots for the SERS-based detection. However, the
organophosphorus nerve agents (including sarin, cyclosarin and soman, etc.) have only very
weak interaction (or even no affinity) with highly SERS-activated noble metal substrates and
are hardly adsorbed on the substrates or have only very short residence time on them. Obvi-
ously, in this case, the normal SERS-based technique is difficult to realize the effective detection
of such molecules [13, 32]. For instance, the organophosphorus molecule dimethyl methylpho-
sphonate (DMMP, a typical sarin simulant agent), which is hardly adsorbed on the noble metal
surfaces [33], is very difficult to be detected by the SERS-based technique with reproducible
measurements and trace level [33, 34]. This is the reason why there have only been very limited
reports on the SERS-based detection of the organophosphorus molecules that could only
weakly interact with the noble metals [35, 36].

The SERS substrates after surface modification could selectively adsorb and enrich such mol-
ecules on their surfaces. However, it is generally difficult to obtain proper modifying agents for
the given target molecules and to realize the reproducible measurements and quantitative
detection of them without interfering effect. Besides, for the organic modifying agents, they
may induce the complicacy of Raman spectral pattern and hence misidentification. Recently,
there have been some new approaches developed for the SERS-based detection of the organo-
phosphorus molecules. In this chapter, we introduce the progresses in this field, mainly
including (1) the thin water film confinement and evaporation concentrating strategy and (2)
the surface modification of the SERS substrates and amidation reaction. These works have
provided new ways for highly efficient SERS-based detection of the organophosphorus nerve
agents and some other target molecules that weakly interact with the coin metal substrates.
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2. Thin water film confinement and evaporation concentrating strategy

For the SERS-based detection of the organophosphorus nerve agents that can only weakly
interact with the coin metal substrates, a new and effective route has been developed to
capture the hydrosoluble organophosphorus molecules based on the thin water film confine-
ment and evaporation concentrating strategy [33]. DMMP, which is very difficult to be cap-
tured by the noble metal substrates, was used as the target molecule, and the gold micro-/
nanostructured array was employed as the SERS substrate to demonstrate the validity of this
strategy. It has been confirmed that by such strategy, the noble metal SERS substrate can
effectively capture the DMMP molecules, realizing SERS-based trace detection of them.

2.1. Strategy and model

2.1.1. Strategy

Normally, in the conventional detections based on the SERS effect, the SERS substrates are
firstly soaked in the solution containing target molecules for a certain duration to make the
molecules adsorbed on the substrate’s surfaces, and then taken out and dried before spectral
measurement. If the target molecules can only weakly interact with the substrates, however,
such procedures would be of no avail because of no or too less molecules on the substrate’s
surface after drying. Here, a water film confinement and evaporation concentrating strategy
could overcome the abovementioned problem, as schematically illustrated in Figure 1.

First, the aqueous solution containing target molecules is dropped onto a SERS-active substrate
with hydrophilic surface (Figure 1a), which will then spread out and form a water film on the
surface. The target molecules (or the solute molecules) are accordingly confined within the thin
water film (see Figure 1b). The subsequent solvent (water) evaporation induces the thinner and
thinner water film, and continuous concentrating of the solutes within the film, assuming that
solute volatilization is insignificant or negligible compared with the water evaporation (see
Figure 1c). When the water film decreases in thickness down to the nanometer level, all the
target molecules confined in the water film are localized within the region above the substrate,
within which the electromagnetic field can be enormously enhanced under external excitation
(see Figure 1d). If Raman spectra are measured for this film at this moment, the Raman signal of
the target molecules should be enhanced by both the concentrated solutes and the substrate
surface. After complete drying, no target molecules will be left on the substrate due to their weak
interaction with the substrate and hence we cannot obtain their Raman signals.

2.1.2. Concentrating factor

For quantitative analysis, the evaporation-induced concentrating factor (CF) of the target
molecules in the water film is defined as the ratio of solute concentration (Cm) in the water
film at the moment of Raman spectral measurement to that at the initial stage (C0), or

CF ¼ Cm

C0
(1)
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surface. The target molecules (or the solute molecules) are accordingly confined within the thin
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surface. After complete drying, no target molecules will be left on the substrate due to their weak
interaction with the substrate and hence we cannot obtain their Raman signals.
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For quantitative analysis, the evaporation-induced concentrating factor (CF) of the target
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Based on the above described strategy (or in Figure 1), if the substrate surface is hydrophilic,
the concentrating factor can be approximately written as

CF ¼ 1� Sð Þ � H0

Hm
(2)

in which

S ¼ M0 �Mm

M0
and Hm ≥ d (3)

where H0 is the initial thickness of water film after the water droplet is spreading out on the
substrate, Hm is the corresponding value when the Raman spectral measurement is performed,
d is the distance (in nanometer scale) from the substrate surface and within which the electro-
magnetic field can be significantly enhanced during laser excitation, S is the loss-ratio of the
target molecules in the water film due to the possible volatilization during solvent evaporation
and M0 and Mm are the mole numbers of the target molecules in the water film at the initial
and the spectral measurement stages, respectively.

Generally, compared with the evaporation of the solvent, volatilization of the molecules like
DMMP in solutions is significantly slower due to the much heavier molecular weight than

Figure 1. The schematic illustration for the water film confinement and evaporation-concentrating process. (a) A clean SERS
substrate. (b) A liquid film formed on the substrate after dropping a certain amount of the solution on it. (c) The liquid film is
decreased in thickness and solute is concentrated due to solvent’s evaporation. (d) and (d’) The liquid film is comparable in
thickness to the field-enhanced space for the substrates with hydrophilic and hydrophobic surfaces, respectively [33].
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water and could be ignorable. For better understanding, here, let us semiquantitatively evalu-
ate the CF value. If letting S≈0 and H0 = 1 mm, we can obtain CF = 105 when Hm = 10 nm, from
Eq. (2). Such values should be credible in the order of magnitude. So, the solvent evaporation-
induced concentrating effect is quite significant.

In addition, if the water film is on the SERS substrate with hydrophobic surface and reduced to
an enough thin thickness due to the evaporation, it could horizontally shrink and decrease the
coverage area on the substrate, which would induce further concentrating. Therefore, the CF
value would be higher in the local water films than that for the substrate with hydrophilic
surface, as shown in Figure 1(d)’. In other words, the substrate with hydrophobic surface
should be of better concentrating effect.

Furthermore, according to Eq. (2), the strategy shown in Figure 1 should be more effective for
the target molecules with lower volatility and/or when the target molecule concentration in the
initial aqueous solution is very low due to the evaporation-induced concentrating effect.

2.1.3. Effects of the thin water film

In this strategy, the thin water film would function as follows: (1) Limitation of the target
molecules to the small region above the SERS substrates. When the water film is becoming
very thin in thickness, the molecules are localized in the field-enhanced space although they
are not adsorbed on the substrate’s surface; (2) Enrichment of the target molecules. Solvent’s
evaporation will induce the concentrating or enrichment of the target molecules in the water
film and the increase of the target molecules’ number in the field-enhanced space above the
substrate; (3) Decrease of laser-induced thermal effect. The water film can protect the target
molecules from laser-induced damage. So, the Raman intensities can also be enhanced by
increasing the laser excitation power and (4) The evaporation-induced reorientation of the
target molecules. During solvent evaporation, the target molecules could re-orientate [37]. This
would generate a significant Raman signal enhancement due to the charge-coupling between
the molecules and the metallic surface.

2.2. Application in SERS-based detection of DMMP

Here, the gold hierarchically micro-/nanostructured bowl-like array was chosen as the SERS
substrate and the DMMP as the target molecules to demonstrate the validity of the above thin
water film confinement and evaporation concentrating strategy.

2.2.1. Surface morphology and wettability of the SERS active substrate

The fabrication process of the SERS substrate was prepared by the electrodeposition on a
preformed monolayer polystyrene (PS) colloidal crystal (2 μm in PS sphere-diameter) in the
HAuCl4 aqueous solution at room temperature, as previously described. [38]. Figure 2(a)
shows the typical morphology. The SERS substrate is the gold array consisting of the hexago-
nally arranged bowl-like pores with 2 μm in period. The skeleton among the pores in the array
is built of nearly vertical quasi rod-shaped nanoparticles. The static contact angle of such
substrate surface is about 105�, exhibiting the slightly hydrophobic surface (see Figure 2b).
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film and the increase of the target molecules’ number in the field-enhanced space above the
substrate; (3) Decrease of laser-induced thermal effect. The water film can protect the target
molecules from laser-induced damage. So, the Raman intensities can also be enhanced by
increasing the laser excitation power and (4) The evaporation-induced reorientation of the
target molecules. During solvent evaporation, the target molecules could re-orientate [37]. This
would generate a significant Raman signal enhancement due to the charge-coupling between
the molecules and the metallic surface.

2.2. Application in SERS-based detection of DMMP

Here, the gold hierarchically micro-/nanostructured bowl-like array was chosen as the SERS
substrate and the DMMP as the target molecules to demonstrate the validity of the above thin
water film confinement and evaporation concentrating strategy.

2.2.1. Surface morphology and wettability of the SERS active substrate

The fabrication process of the SERS substrate was prepared by the electrodeposition on a
preformed monolayer polystyrene (PS) colloidal crystal (2 μm in PS sphere-diameter) in the
HAuCl4 aqueous solution at room temperature, as previously described. [38]. Figure 2(a)
shows the typical morphology. The SERS substrate is the gold array consisting of the hexago-
nally arranged bowl-like pores with 2 μm in period. The skeleton among the pores in the array
is built of nearly vertical quasi rod-shaped nanoparticles. The static contact angle of such
substrate surface is about 105�, exhibiting the slightly hydrophobic surface (see Figure 2b).
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2.2.2. Raman spectral measurements

The DMMP aqueous solutions with different concentrations were firstly prepared and stored
in a refrigerator before use. A droplet of the DMMP aqueous solution was then dropped on the
SERS substrate or the gold array and spread out to form the thin water film. After evaporation
at room temperature for different time intervals, the Raman spectra for the thin water film
were measured on a confocal microprobe Raman spectrometer (Renishaw inVia Reflex) with a
laser beam of 632.8 nm in wavelength. The Raman spectral integral time is 10 s.

Raman spectral peaks and identification. When a droplet of aqueous solution, with 20 μL in
volume and 10�2 M DMMP in initial content, was dropped on the Au bowl-like array without
surface modification, it spread out and formed a water film with about 3 mm in thickness.
During the initial evaporation, no distinct Raman signal was detected for such water film on
the substrate, except the background [see curve (I) in Figure 3(a)]. After evaporation for
sufficiently long time (but without completely drying), however, a significant Raman spectrum
could be observed. Typically, curve (II) in Figure 3 shows the result corresponding to the
evaporation for �300 s after starting timing at which the distinct signals are very weak but
detectable, in this experimental condition (see next subsection). At this moment, the water film
was enough thin in thickness. There are one dominant Raman peak at 2936 cm�1 and the other
three smaller peaks at 2861, 2966 and 3006 cm�1, respectively. For reference, the Raman
spectrum of the pure DMMP (liquid state in a quartz cell) was shown in curve (IV) of Figure 3,
which is in good agreement with the previous report [34]. By comparison between curves (II)
and (IV), there are about five wavenumbers lower for the water film than the pure DMMP.
These four peaks are assigned to the CdH stretching modes of DMMP molecules [39]. Taking
into consideration of the possible influence of water on the DMMP, which leads to a slight
peak shift, the peaks in curve (II) of Figure 3 can thus be attributed to the DMMP in the water
film. It is well known that DMMP molecule is weak Raman scatterer with a very small cross-
section on the order of 1 � 10–30 cm2 under 514.5 nm excitation for the strongest line [40].
Since it is difficult to adsorb on the SERS active metal substrates, the characteristic vibration

Figure 2. The morphology and wettability of a gold micro-/nanostructured array. (a) The scanning electron microscopic
(SEM) image. The inset: A local magnified image and the scale bar = 500 nm. (b) and (c) The photos of the water droplets
on the Au array before and after surface modification with thiol, respectively. The water droplets are 2 and 5 μL in volume
for (b) and (c), respectively [33].
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peaks of DMMP molecules in the aqueous solution are usually difficult to be detected by the
SERS effect. No characteristic Raman peak from DMMP was observed after the water film was
completely evaporated (see curve (III) in Figure 3). Obviously, such method is quite valid to
detect them.

Spectral evolution with the evaporation. Further, the Raman spectral evolution of the DMMP-
contained water film on the substrate with the evaporation time was measured. Figure 4(a)
shows the spectra after evaporation for different durations for the water film with 10�2 M
DMMP in initial concentration. During initial stage of the evaporation, no characteristic Raman
signals were detected and the film is opaque in the field of optical microscope, as shown in
Figure 4(b). With the evaporation, the water film gets thinner and thinner. When evaporation is
for t0, which varies from several minutes to few 10 min, depending on the ambient conditions
(temperature and relative humidity), the water film on the substrate was slightly transparent,
and the characteristic peaks at 2936 and 2966 cm�1 are very weak but detectable (see curve 1) in
Figure 4(a). Timing begins at this moment. The further evaporation leads to appearance of the
other two characteristic peaks (at 2861 and 3006 cm�1) and continual enhancement of the four
Raman peaks [see curves 2–6 in Figure 4(a)]. When the evaporation duration was up to 300 s
after timing, the intensity of the characteristic Raman peaks were enhanced to the maximum, as
illustrated in curve 7 in Figure 4(a). The corresponding photo of thewater film is given in Figure 4
(c), showing translucency or semitransparence. The gold pattern on the substrate looms up.
However, the longer the evaporation induced, the rapid is the decrease of the Raman signals
and vanishing within �20 s, corresponding to complete evaporation or drying. At this moment,
the gold array on the substrate is clearly seen [Figure 4(d)]. Representatively, Figure 5(a) shows
intensity of the dominant peak at 2936 cm�1 as a function of evaporation time [the data from
Figure 4(a)] and clearly shows such evolution of the peak intensity.

Figure 3. The Raman spectra of DMMP molecules. Curves (I), (II) and (III) are for a droplet of 10�2 M DMMP aqueous
solution on the SERS substrate after evaporation for a very short time, a certain time and sufficiently long time
(completely dried), respectively. Curve (IV): The Raman spectrum of the pure DMMP liquid. [33].
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SERS effect. No characteristic Raman peak from DMMP was observed after the water film was
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detect them.
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contained water film on the substrate with the evaporation time was measured. Figure 4(a)
shows the spectra after evaporation for different durations for the water film with 10�2 M
DMMP in initial concentration. During initial stage of the evaporation, no characteristic Raman
signals were detected and the film is opaque in the field of optical microscope, as shown in
Figure 4(b). With the evaporation, the water film gets thinner and thinner. When evaporation is
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Raman peaks [see curves 2–6 in Figure 4(a)]. When the evaporation duration was up to 300 s
after timing, the intensity of the characteristic Raman peaks were enhanced to the maximum, as
illustrated in curve 7 in Figure 4(a). The corresponding photo of thewater film is given in Figure 4
(c), showing translucency or semitransparence. The gold pattern on the substrate looms up.
However, the longer the evaporation induced, the rapid is the decrease of the Raman signals
and vanishing within �20 s, corresponding to complete evaporation or drying. At this moment,
the gold array on the substrate is clearly seen [Figure 4(d)]. Representatively, Figure 5(a) shows
intensity of the dominant peak at 2936 cm�1 as a function of evaporation time [the data from
Figure 4(a)] and clearly shows such evolution of the peak intensity.

Figure 3. The Raman spectra of DMMP molecules. Curves (I), (II) and (III) are for a droplet of 10�2 M DMMP aqueous
solution on the SERS substrate after evaporation for a very short time, a certain time and sufficiently long time
(completely dried), respectively. Curve (IV): The Raman spectrum of the pure DMMP liquid. [33].
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2.3. Concentrating-enhanced Raman scattering (CERS) effect

2.3.1. A quantitative description

The above successful observations of Raman characteristic peaks for the DMMP molecules in an
aqueous solution are easily understood. This is mainly attributed to the thin water film confine-
ment and subsequent evaporation-induced DMMP concentrating or enrichment, in addition to
the electromagnetic enhancement mechanism from the Au bowl-like array. Because of the space
confinement of the thin film, water evaporation induces the concentrating of DMMP within the
thinner and thinner film. That is to say, more and more DMMP molecules in the water film are
confined within the region with significant local electromagnetic field enhancement above the
substrate, exhibiting ever-increasing Raman signal with the increasing evaporation duration,
whichwe could call the concentrating-enhanced Raman scattering (CERS) effect, as demonstrated
in Figure 5(a). Obviously, after the water film is completely evaporated, the confinement effect
thus vanishes. At thismoment, theDMMPmolecules cannot stay on the substrate due to theweak
interaction, and the corresponding Raman peaks disappear. Besides, the evaporation-induced
reorientation of the DMMPmolecules could also induce an additional enhancement of the Raman
signal owing to the charge-coupling between the molecules and the metallic surface [37].

According to the evolution of the Raman intensity with the evaporation duration shown in
Figure 5(a), we could semiquantitatively describe the concentrating kinetics of DMMP mole-
cules in the water film during evaporation. First, under a given ambient condition (tempera-
ture and humidity) and a certain volume of solution droplet on the substrate with hydrophilic
surface, we have the water film thickness (H) as a function of the water evaporation duration t:

H ¼ H0 � V � t t < tSð Þ (4)

in which

Figure 4. Raman spectra and photos of the gold array with a droplet of 10�2 M DMMP aqueous solution during
evaporation. (a) The spectra after evaporation for different intervals. Curves 1–9 correspond to the interval Δt = 0, 112,
155, 199, 243, 279, 301, 323 and 348 s, respectively. (b)–(d) The photos of the gold array covered with water film in the
initial stage, microsized-thickness and completely dried stage, respectively [33].
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tS ¼ H0

V
(5)

where V is the water evaporation speed (m�s�1 in dimension) and should be a constant
independent of t, and ts is the duration from the initial to complete evaporation.

During evaporation of solvent (water), volatilization of the solute or DMMP in water film
inevitably takes place. Here, it can be assumed that its volatile rate is directly proportional to
its concentration C in the water film, or

F ¼ p � C (6)

where the volatile rate F is defined as the mole number volatilized in unit time and area
(mol s�1 m�2) and the parameter p is the proportional constant. So, after evaporation for t,
from Eq. (6), the volatile-loss ΔM of the solute (DMMP) in the film can be described by

ΔM ¼ A � p
ðt

0

C � dt (7)

where A is the surface area of the water film. Finally, from Eq. (7), we can quantitatively establish
the relation between the solute concentration and evaporation duration of the water film, or

C ¼ C0 � A �H0 � ΔM
A �H ¼

C0 �H0 � p
Ðt
0
C � dt

H0 � V � t (8)

Obviously, if p < < 1 or the solute is nearly involatile in the water, and/or the evaporation speed
V value is relatively large enough, the volatile loss ΔM ≈ 0. In this case, Eq. (8) can be approx-
imately written as

Figure 5. (a) Intensity of the Raman peak at 2936 cm�1 versus evaporation duration [data from Figure 4(a)]. Point A: The
maximal measured value. Point B: The peak vanishes. (b) Plot of the reciprocal Raman intensity versus evaporation
duration [data from (a)]. The solid line is the linear fitting result [33].
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2.3. Concentrating-enhanced Raman scattering (CERS) effect

2.3.1. A quantitative description

The above successful observations of Raman characteristic peaks for the DMMP molecules in an
aqueous solution are easily understood. This is mainly attributed to the thin water film confine-
ment and subsequent evaporation-induced DMMP concentrating or enrichment, in addition to
the electromagnetic enhancement mechanism from the Au bowl-like array. Because of the space
confinement of the thin film, water evaporation induces the concentrating of DMMP within the
thinner and thinner film. That is to say, more and more DMMP molecules in the water film are
confined within the region with significant local electromagnetic field enhancement above the
substrate, exhibiting ever-increasing Raman signal with the increasing evaporation duration,
whichwe could call the concentrating-enhanced Raman scattering (CERS) effect, as demonstrated
in Figure 5(a). Obviously, after the water film is completely evaporated, the confinement effect
thus vanishes. At thismoment, theDMMPmolecules cannot stay on the substrate due to theweak
interaction, and the corresponding Raman peaks disappear. Besides, the evaporation-induced
reorientation of the DMMPmolecules could also induce an additional enhancement of the Raman
signal owing to the charge-coupling between the molecules and the metallic surface [37].

According to the evolution of the Raman intensity with the evaporation duration shown in
Figure 5(a), we could semiquantitatively describe the concentrating kinetics of DMMP mole-
cules in the water film during evaporation. First, under a given ambient condition (tempera-
ture and humidity) and a certain volume of solution droplet on the substrate with hydrophilic
surface, we have the water film thickness (H) as a function of the water evaporation duration t:

H ¼ H0 � V � t t < tSð Þ (4)

in which

Figure 4. Raman spectra and photos of the gold array with a droplet of 10�2 M DMMP aqueous solution during
evaporation. (a) The spectra after evaporation for different intervals. Curves 1–9 correspond to the interval Δt = 0, 112,
155, 199, 243, 279, 301, 323 and 348 s, respectively. (b)–(d) The photos of the gold array covered with water film in the
initial stage, microsized-thickness and completely dried stage, respectively [33].
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where V is the water evaporation speed (m�s�1 in dimension) and should be a constant
independent of t, and ts is the duration from the initial to complete evaporation.

During evaporation of solvent (water), volatilization of the solute or DMMP in water film
inevitably takes place. Here, it can be assumed that its volatile rate is directly proportional to
its concentration C in the water film, or

F ¼ p � C (6)

where the volatile rate F is defined as the mole number volatilized in unit time and area
(mol s�1 m�2) and the parameter p is the proportional constant. So, after evaporation for t,
from Eq. (6), the volatile-loss ΔM of the solute (DMMP) in the film can be described by

ΔM ¼ A � p
ðt

0

C � dt (7)

where A is the surface area of the water film. Finally, from Eq. (7), we can quantitatively establish
the relation between the solute concentration and evaporation duration of the water film, or

C ¼ C0 � A �H0 � ΔM
A �H ¼

C0 �H0 � p
Ðt
0
C � dt

H0 � V � t (8)

Obviously, if p < < 1 or the solute is nearly involatile in the water, and/or the evaporation speed
V value is relatively large enough, the volatile loss ΔM ≈ 0. In this case, Eq. (8) can be approx-
imately written as

Figure 5. (a) Intensity of the Raman peak at 2936 cm�1 versus evaporation duration [data from Figure 4(a)]. Point A: The
maximal measured value. Point B: The peak vanishes. (b) Plot of the reciprocal Raman intensity versus evaporation
duration [data from (a)]. The solid line is the linear fitting result [33].
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C ≈
C0 �H0

H0 � V � t (9)

or

1
C
≈

1
C0

� V
C0H0

� t0 þ Δtð Þ t ¼ t0 þ Δt (10)

where Δt is the evaporation interval after starting timing at t0 (as mentioned earlier). It means
that the reciprocal solute concentration in the water film is nearly directly proportional to the
evaporation duration of water. Eqs. (8) and (9) clearly indicate concentrating of the solute
during evaporation.

When the solute concentration (C) in the water film is low enough, intensity (I) of its Raman-
shift peaks should be directly proportional to C. Here, DMMP is of good water solubility and
much heavier molecular weight (124.08) than water [41]. Therefore, Eq. (9) could be a good
description of the solute concentration evolution during water evaporation. In other words,
from Eq. (10), the reciprocal intensity of the characteristic Raman peaks should be of nearly
linear relation with the evaporation duration (t or Δt) of water, which has been confirmed by
further spectral analysis. Figure 5(b) shows the results corresponding to the reciprocal Raman
intensity of the peak at 2936 cm�1 versus the evaporation interval Δt [data from Figure 5(a)],
showing a good linear relation between them and significant CERS effect. This also implies that
the volatile loss of DMMP in water was very small or negligible during water film evaporation
at ambient environment. By linear fitting, the plot in Figure 5(b) can be described as

1
I
¼ 190:88� 0:5608 � Δt (11)

in which the intensity I was multiplied by 10�5 and Δt is in second.

2.3.2. Factors influencing CERS effect

The CERS effect mentioned earlier would be influenced by some factors such as SERS active
substrates, evaporation conditions and volatility of the solute, and so on. Obviously, the highly
SERS active substrates, low solute’s volatility and appropriate solvent’s evaporation rate
would be beneficial to exhibiting significant CERS effect. In addition, further experiments have
revealed that the surface wettability of SERS substrate and the laser excitation power are also
important to induce the strong CERS effect.

Wettability of SERS substrates surface. As mentioned in Section 2.1.2, the substrate with
hydrophobic surface should be of stronger concentrating effect than that with hydrophilic
surface. For confirmation, the Au micro-/nanostructured bowl-like array shown in Figure 2(a)
was surface-modified with thiol. Correspondingly, the static contact angle was increased up to
about 160� [Figure 2(c)], exhibiting superhydrophobic surface. Using such modified array as
SERS substrate, the CERS effect was really significantly enhanced. Typically, Figure 6 shows
the Raman spectrum of DMMP on the gold array with and without surface modification,
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measured after evaporation for an optimal duration, for the water film with 10�3 M DMMP in
initial concentration. For the substrate without modification, the characteristic peaks of DMMP
are very weak [Figure 6(a)]. However, the surface modification induced much stronger Raman-
shift peaks of DMMP [Figure 6(b)], and the intensity of the dominant peak at 2936 cm�1 was one
order of magnitude (�12 times) higher than that without modification. Such Raman enhance-
ment should be mainly attributed to the superhydrophobic surface-induced much higher CF
value, which led to stronger CERS effect.

Evaporation conditions. As mentioned in Section 2.1.1, only when the thickness of the water
film is reduced to the nanoscale by evaporation, the concentrating effect, that is, the CERS
effect can reach the maximum. However, for the measurements in the normal ambient condi-
tions, as shown in Figure 4, the thickness of the water film, corresponding to the maximal
measured Raman signals could be estimated to be in micron scale (� 8–30 μm) according to its
initial thickness and the whole time for evaporating the water droplet on the substrate. In the
normal ambient conditions, it is too late to measure the Raman spectra when the water film
was reduced to the nanoscale in thickness, because such thin water film would be completely
evaporated or dried within one millisecond. This is the reason why the Raman peaks disap-
pear immediately after the maximal measured value, as demonstrated in Figure 5(a) (points A
and B). It means that the maximal measured value could be much lower than the real maximal
one. Although we can obtain the CF value about 103 in order of magnitude when the water
film was reduced to micron scale in thickness according to Eq. (2) and enough strong CERS
effect, the real maximal or optimal effect is far from reached in the normal ambience.

Obviously, to further increase the CERS effect, we should decrease evaporation speed of the
water film, especially, since t = t0 at which the Raman shift peaks are weak but detectable (if the
solute volatilization is neglectable). In fact, control of the evaporation speed is easily achieved.
For example, we can control the evaporation rate by putting the substrate with water film into
a quartz cell with a controllable opening.

Laser excitation power. Generally, the Raman scattering intensity is directly proportional to
the excited laser power. But too high laser power would break down the molecules due to the

Figure 6. Raman spectra of 10�3 M DMMP aqueous solution on the substrates without (a) and with (b) surface modifica-
tion after an optimal evaporation (the details are given in the text) [33].
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where Δt is the evaporation interval after starting timing at t0 (as mentioned earlier). It means
that the reciprocal solute concentration in the water film is nearly directly proportional to the
evaporation duration of water. Eqs. (8) and (9) clearly indicate concentrating of the solute
during evaporation.

When the solute concentration (C) in the water film is low enough, intensity (I) of its Raman-
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much heavier molecular weight (124.08) than water [41]. Therefore, Eq. (9) could be a good
description of the solute concentration evolution during water evaporation. In other words,
from Eq. (10), the reciprocal intensity of the characteristic Raman peaks should be of nearly
linear relation with the evaporation duration (t or Δt) of water, which has been confirmed by
further spectral analysis. Figure 5(b) shows the results corresponding to the reciprocal Raman
intensity of the peak at 2936 cm�1 versus the evaporation interval Δt [data from Figure 5(a)],
showing a good linear relation between them and significant CERS effect. This also implies that
the volatile loss of DMMP in water was very small or negligible during water film evaporation
at ambient environment. By linear fitting, the plot in Figure 5(b) can be described as
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in which the intensity I was multiplied by 10�5 and Δt is in second.
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substrates, evaporation conditions and volatility of the solute, and so on. Obviously, the highly
SERS active substrates, low solute’s volatility and appropriate solvent’s evaporation rate
would be beneficial to exhibiting significant CERS effect. In addition, further experiments have
revealed that the surface wettability of SERS substrate and the laser excitation power are also
important to induce the strong CERS effect.

Wettability of SERS substrates surface. As mentioned in Section 2.1.2, the substrate with
hydrophobic surface should be of stronger concentrating effect than that with hydrophilic
surface. For confirmation, the Au micro-/nanostructured bowl-like array shown in Figure 2(a)
was surface-modified with thiol. Correspondingly, the static contact angle was increased up to
about 160� [Figure 2(c)], exhibiting superhydrophobic surface. Using such modified array as
SERS substrate, the CERS effect was really significantly enhanced. Typically, Figure 6 shows
the Raman spectrum of DMMP on the gold array with and without surface modification,
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measured after evaporation for an optimal duration, for the water film with 10�3 M DMMP in
initial concentration. For the substrate without modification, the characteristic peaks of DMMP
are very weak [Figure 6(a)]. However, the surface modification induced much stronger Raman-
shift peaks of DMMP [Figure 6(b)], and the intensity of the dominant peak at 2936 cm�1 was one
order of magnitude (�12 times) higher than that without modification. Such Raman enhance-
ment should be mainly attributed to the superhydrophobic surface-induced much higher CF
value, which led to stronger CERS effect.

Evaporation conditions. As mentioned in Section 2.1.1, only when the thickness of the water
film is reduced to the nanoscale by evaporation, the concentrating effect, that is, the CERS
effect can reach the maximum. However, for the measurements in the normal ambient condi-
tions, as shown in Figure 4, the thickness of the water film, corresponding to the maximal
measured Raman signals could be estimated to be in micron scale (� 8–30 μm) according to its
initial thickness and the whole time for evaporating the water droplet on the substrate. In the
normal ambient conditions, it is too late to measure the Raman spectra when the water film
was reduced to the nanoscale in thickness, because such thin water film would be completely
evaporated or dried within one millisecond. This is the reason why the Raman peaks disap-
pear immediately after the maximal measured value, as demonstrated in Figure 5(a) (points A
and B). It means that the maximal measured value could be much lower than the real maximal
one. Although we can obtain the CF value about 103 in order of magnitude when the water
film was reduced to micron scale in thickness according to Eq. (2) and enough strong CERS
effect, the real maximal or optimal effect is far from reached in the normal ambience.

Obviously, to further increase the CERS effect, we should decrease evaporation speed of the
water film, especially, since t = t0 at which the Raman shift peaks are weak but detectable (if the
solute volatilization is neglectable). In fact, control of the evaporation speed is easily achieved.
For example, we can control the evaporation rate by putting the substrate with water film into
a quartz cell with a controllable opening.

Laser excitation power. Generally, the Raman scattering intensity is directly proportional to
the excited laser power. But too high laser power would break down the molecules due to the

Figure 6. Raman spectra of 10�3 M DMMP aqueous solution on the substrates without (a) and with (b) surface modifica-
tion after an optimal evaporation (the details are given in the text) [33].
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thermal effect, leading to the low Raman signal instead. However, the case here is an excep-
tion. The thin water film could protect the target molecules from the laser-induced damage
because the water film can remarkably reduce the laser-induced thermal effect, as demon-
strated in Figure 7(a), corresponding to the Raman spectra of DMMP in the water film on the
substrate, excited with different laser powers under the same evaporation duration. We could
use the maximal power (Pmax = 17 mW) of the equipment in this case, while in the conventional
measurement only 5 mW or less is usually used. It has been shown that the intensity of the
peak at 2936 cm�1 has a good linear relation with the power in whole power range, as
indicated in Figure 7(b). The straight line passes through the origin. So, for this thin water film
confinement and evaporation concentrating strategy, one can use enough high laser excitation
power (>17 mW) to further increase Raman scattering intensity, exhibiting the stronger CERS
effect.

2.4. Suitability of the strategy

Based on the abovementioned text, using the thin water film confinement and evaporation
concentrating strategy, one can effectively capture the hydrosoluble and weak affinity molecules
within the strong electromagnetic field enhanced space above the SERS substrate and realize the
SERS-based detection of them. The thin water film not only confines the target molecules within
a limited space but also protects the target molecules from laser-induced damage.

It should be mentioned that the hydrophobic substrate surface, slower evaporation and stron-
ger excitation power can further increase CERS effect. Especially, the slow and controlled
evaporation in the anaphase would lead to several orders of magnitude in higher CERS effect.
The strategy given here is an effective route to the SERS-based detection of the soluble mole-
cules, which are of small Raman scattering cross-section and hardly adsorbed on the SERS
substrates, by choosing proper solvents, but not suitable for the volatile soluble molecules as
the liquid film cannot confine these molecules.

Figure 7. (a) The Raman spectra of DMMP aqueous solution droplet on the substrate, under the excitation with different
laser powers (P), after the evaporation for the same duration. The maximal excitation power of the equipment
Pmax = 17 mW. (b) The plot of the intensity of the peak at 2936 cm�1 versus the laser excitation power [the data are from
(a)]. The solid line is the linear fitting results [33].
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3. The surface modification and amidation reaction

In addition to the abovementioned thin water film confinement strategy, here, we introduce
another approach to the SERS-based ultrasensitive detection of metal weakly interacted organ-
ophosphorus nerve agent sarin based on surface modification of the SERS substrates and
amidation reaction [42]. The methanephosphonic acid (MPA) was chosen as the sarin simula-
tion agent (or the target molecule). The Au-coated Si nanocone array was surface-modified
with 2-aminoethanethiol molecules and used as the SERS-substrate for detection of MPA. It
has been demonstrated that the modified substrate can selectively capture MPA in the solution
under the existence of the coupling agent, and hence realize the SERS-based detection of the
MPA in the solution with good selectivity and high sensitivity.

3.1. Surface modification-based SERS detection strategy

3.1.1. Choice of sarin-simulated agent

For convenient study of SERS-based detection of sarin, its simulation agent should be chosen. Such
simulation agent should be of less or moderate toxicity but the chemical properties and especially
the Raman spectrum should be similar to sarin. It has been found that methanephosphonic acid
(MPA) is also a suitable simulation agent for sarin, in addition to the commonly used DMMP. The
molecular formula of sarin and MPA are (CH3)2CHOOPF(CH3) and CH5O3P, respectively. Both
have the C-P bonds and the similar bond length, chemically belonging to the organophosphorus
group. Both MPA and sarin can produce amidation reaction with amino compounds [43]. It is
expected that these similarities in chemical structures could have similar Raman spectral pattern to
each other.

The Raman spectra of sarin and MPA were simulated based on density functional theory (DFT)
by means of the Gaussian 09 software [44]. Figure 8(a) is the measured Raman spectrum for the
pure MPA. The simulated Raman spectrum is very similar in the primary and minor peaks
except the small difference in the peak positions, demonstrating the validity of the spectral
simulations. Figure 8(b) shows the simulated Raman spectrum of sarin. Correspondingly, the

Figure 8. The Raman spectra for MPA (a) and sarin (b). (a) The measured Raman spectrum of pure MPA (excited by
785 nm laser). (b) The simulated Raman spectrum of sarin based on DFT calculations [42].
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thermal effect, leading to the low Raman signal instead. However, the case here is an excep-
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strated in Figure 7(a), corresponding to the Raman spectra of DMMP in the water film on the
substrate, excited with different laser powers under the same evaporation duration. We could
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indicated in Figure 7(b). The straight line passes through the origin. So, for this thin water film
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power (>17 mW) to further increase Raman scattering intensity, exhibiting the stronger CERS
effect.
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SERS-based detection of them. The thin water film not only confines the target molecules within
a limited space but also protects the target molecules from laser-induced damage.

It should be mentioned that the hydrophobic substrate surface, slower evaporation and stron-
ger excitation power can further increase CERS effect. Especially, the slow and controlled
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The strategy given here is an effective route to the SERS-based detection of the soluble mole-
cules, which are of small Raman scattering cross-section and hardly adsorbed on the SERS
substrates, by choosing proper solvents, but not suitable for the volatile soluble molecules as
the liquid film cannot confine these molecules.
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3. The surface modification and amidation reaction

In addition to the abovementioned thin water film confinement strategy, here, we introduce
another approach to the SERS-based ultrasensitive detection of metal weakly interacted organ-
ophosphorus nerve agent sarin based on surface modification of the SERS substrates and
amidation reaction [42]. The methanephosphonic acid (MPA) was chosen as the sarin simula-
tion agent (or the target molecule). The Au-coated Si nanocone array was surface-modified
with 2-aminoethanethiol molecules and used as the SERS-substrate for detection of MPA. It
has been demonstrated that the modified substrate can selectively capture MPA in the solution
under the existence of the coupling agent, and hence realize the SERS-based detection of the
MPA in the solution with good selectivity and high sensitivity.

3.1. Surface modification-based SERS detection strategy

3.1.1. Choice of sarin-simulated agent

For convenient study of SERS-based detection of sarin, its simulation agent should be chosen. Such
simulation agent should be of less or moderate toxicity but the chemical properties and especially
the Raman spectrum should be similar to sarin. It has been found that methanephosphonic acid
(MPA) is also a suitable simulation agent for sarin, in addition to the commonly used DMMP. The
molecular formula of sarin and MPA are (CH3)2CHOOPF(CH3) and CH5O3P, respectively. Both
have the C-P bonds and the similar bond length, chemically belonging to the organophosphorus
group. Both MPA and sarin can produce amidation reaction with amino compounds [43]. It is
expected that these similarities in chemical structures could have similar Raman spectral pattern to
each other.

The Raman spectra of sarin and MPA were simulated based on density functional theory (DFT)
by means of the Gaussian 09 software [44]. Figure 8(a) is the measured Raman spectrum for the
pure MPA. The simulated Raman spectrum is very similar in the primary and minor peaks
except the small difference in the peak positions, demonstrating the validity of the spectral
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vibrational peaks can be assigned according to the DFT calculations [42]. The Raman spectral
bands are mostly similar in wavenumbers for sarin and MPA. The MPA can thus be used as a
sarin-simulated agent.

3.1.2. Surface modification of SERS substrate

Generally, the Raman signals could be detected only when the MPA molecules are adsorbed
on the SERS substrates. However, the MPA molecules can hardly be adsorbed on the noble
metals, due to the weak interaction between them. The surface modification strategy was used
to overcome such problem. A surface modifier should be chosen in such a way that it can
strongly interact with both the SERS substrate and MPA molecules.

The 2-aminoethanethiol molecule contains two-head groups such as amino and thiol groups. It is
well known that there is a strong covalent bond interaction between thiol and gold according to
the theory of hard and soft (Lewis) acids and bases [45, 46]. As for the amino group, it can react
with phosphonic group to generate phsophonamidate in the presence of coupling agents [such as
dicyclohexylcarbodiimide, N, N-diisopropylcarbodiimide, 1-ethyl-3-(3-(dimethylamino) propyl)
carbodimide] [47]. Therefore, the thiol groups in 2-aminoethanethiol molecules would tend to be
bound with gold substrate to form AudS covalent bonds, and the amino groups would selec-
tively capture phosphonic groups in MPA molecules in the solution, as schematically shown in
Figure 9. 2-Aminoethanethiol could thus be a suitable modifying agent of the SERS substrate. It is
expected that the surface-modified SERS substrate would selectively capture the organophospho-
rus molecules (such as sarin, MPA), as demonstrated in Figure 9. In this case, we could realize
detection of MPA or sarin based on the SERS effect.

3.2. SERS measurements

3.2.1. Surface-modified SERS substrate

Au-coated Si nanocone array was used as the SERS substrate, which was prepared by sputtering
deposition of gold on the Si nanocone array induced by PS colloidal monolayer and plasma
etching strategy, as previously described in detail [42]. Figure 10 shows the Si nanocone array
before and after sputtering deposition with a gold layer about 10 nm in thickness. Such array is
of good uniformity in structure.

Such Au-coated Si nanocone array was immersed into the ethanol solution of 2-aminoethanethiol
(1 mM) for surface modification. FTIR spectral measurement has confirmed that the modified

Figure 9. Schematic illustration for the interaction of the modifying agent (2-aminoethanethiol) with MPA molecules and
SERS substrate (gold) [42].
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2-aminoethanethiol molecules were bound with the Au film on the array’s surface by the thiol
group, as shown in Figure 11. The peaks at 2881 and 2949 cm�1 are attributed to the symmetry
stretching and asymmetry vibration of the CH2 in 2-aminoethanethiol [48], while the peak at
1600 cm�1 is ascribed to the in-plane bending vibration of the NH2 groups in 2-aminoethanethiol
[48]. In addition, the peak at 1475 cm�1 originates from the shear vibration of the CH2 in
2-aminoethanethiol [48]. Furthermore, the peak at 769 cm�1 is assigned to swing plane vibration
of CH2 chains, corresponding to the twomethylene groups in 2-aminoethanethiol molecules [48].
It could thus be concluded that the modified array’s surface was rich of 2-aminoethanethiol
molecules.

3.2.2. Raman spectral measurements

The modified substrate was then immersed into the ethanol solution of MPA in the presence of
the coupling agent 1-ethyl-3-(3-(dimethylamino) propyl) carbodimide (or EDC for short)
(2 mM) for 3 h which was long enough to reach the equilibrium adsorption of the MPA on

Figure 10. The morphology of the as-prepared nanocone array. (a) The FESEM image of the Si nanocone array induced by
plasma etching the PS colloidal monolayer on Si wafer. (b) The cross sectional image after sputtering deposition of gold on
the Si nanocone array. The inset: A magnified image of a single Au-coated cone [42].

Figure 11. FTIR spectrum of the surface-modified au-coated Si cone array [42].
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vibrational peaks can be assigned according to the DFT calculations [42]. The Raman spectral
bands are mostly similar in wavenumbers for sarin and MPA. The MPA can thus be used as a
sarin-simulated agent.
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before and after sputtering deposition with a gold layer about 10 nm in thickness. Such array is
of good uniformity in structure.

Such Au-coated Si nanocone array was immersed into the ethanol solution of 2-aminoethanethiol
(1 mM) for surface modification. FTIR spectral measurement has confirmed that the modified

Figure 9. Schematic illustration for the interaction of the modifying agent (2-aminoethanethiol) with MPA molecules and
SERS substrate (gold) [42].
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2-aminoethanethiol molecules were bound with the Au film on the array’s surface by the thiol
group, as shown in Figure 11. The peaks at 2881 and 2949 cm�1 are attributed to the symmetry
stretching and asymmetry vibration of the CH2 in 2-aminoethanethiol [48], while the peak at
1600 cm�1 is ascribed to the in-plane bending vibration of the NH2 groups in 2-aminoethanethiol
[48]. In addition, the peak at 1475 cm�1 originates from the shear vibration of the CH2 in
2-aminoethanethiol [48]. Furthermore, the peak at 769 cm�1 is assigned to swing plane vibration
of CH2 chains, corresponding to the twomethylene groups in 2-aminoethanethiol molecules [48].
It could thus be concluded that the modified array’s surface was rich of 2-aminoethanethiol
molecules.

3.2.2. Raman spectral measurements

The modified substrate was then immersed into the ethanol solution of MPA in the presence of
the coupling agent 1-ethyl-3-(3-(dimethylamino) propyl) carbodimide (or EDC for short)
(2 mM) for 3 h which was long enough to reach the equilibrium adsorption of the MPA on

Figure 10. The morphology of the as-prepared nanocone array. (a) The FESEM image of the Si nanocone array induced by
plasma etching the PS colloidal monolayer on Si wafer. (b) The cross sectional image after sputtering deposition of gold on
the Si nanocone array. The inset: A magnified image of a single Au-coated cone [42].

Figure 11. FTIR spectrum of the surface-modified au-coated Si cone array [42].
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the SERS substrate. Here, the coupling agent EDC was employed to activate phosphonic
groups in MPA molecules for coupling with the primary amines in the modifying agent.
Finally, the soaked substrate was taken out and cleaned with deionized water and ethanol to
remove any unbound molecules, and dried in the flow of N2 prior to the SERS spectral
measurement under excitation at 785 nm and exposure time 10 s.

The Raman spectral pattern. Figure 12 demonstrates the Raman spectrum of the surface-
modified Au-coated Si nanocone array after immersion in the MPA solution (10�3 M) with
EDC. The Raman peaks at 643, 725, 976, 1025, 1212, 1412, and 1445 cm�1 are clearly observed,
as shown in curve (I) of Figure 12. On the contrary, for the surface-modified array without
immersion or after immersion in the EDC solution without MPA or in the MPA solution
without EDC, no Raman peak was detected, as illustrated in curves (II, III, IV) of Figure 12.
So the Raman peaks in curve (I) of Figure 12 should be associated with the coexistence of MPA
and EDC. By comparing with Figure 8(a), however, we can know that the Raman spectrum in
curve (I) is completely different from that of the pure MPA. It means that the Raman peaks in
Figure 12 are not attributed to MPA directly.

Concentration dependence. Further, the concentration-dependent Raman spectra were mea-
sured for the surface-modified SERS substrate (or Au-coated Si nanocone array) after soaking
in the MPA solutions with different concentrations in the presence of EDC, as shown in
Figure 13(a). The intensities of all Raman peaks increase with the rising MPA concentration in
the solutions. The peak intensity I is approximately subject to the linear double logarithmic
relation with the MPA concentration C from 10�8 to 10�2 M (or �1 to �1000 ppm), or

LogI ¼ A0 þ B0 � LogC (12)

where Ao and B0 are the constants independent of the concentration. Figure 13(b) shows the
typical result corresponding to the main peak at 976 cm�1, exhibiting a good linear relation.

Figure 12. The Raman spectra for the Au-coated Si nanocone array after soaking in different solutions for 3 h. Curve (I):
After soaking in the MPA solution (10�3 M) with the EDC. Curve (II): The array without immersion; curve (III): After
soaking in the EDC solution without MPA; curve (IV): After soaking in the MPA solution without EDC [42].
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The parameter B0 value is about 0.25 by fitting. We can thus rewrite Eq. (12) as a power
function, or

I ¼ M � C0:25 (13)

where M is the constant independent of the concentration C.

3.3. Amidation reaction

Regarding the Raman spectral origin and their evolution, it can be attributed to adsorption of
MPA molecules and subsequent amidation reaction on the SERS substrate’s surface, as sche-
matically illustrated in Figure 14.

3.3.1. Amidation reaction-induced Raman spectra

After the coupling agent EDC was added to the ethanol solution of MPA, the coupling
between them would activate the phosphonic groups in MPA [see Figure 14(a)] [47]. When
the surface-modified SERS substrate was subsequently immersed into the MPA solution,
because of the strong interaction between the amino groups in 2-aminoethanethiol and the
phosphonic groups in the activated MPA molecules [47], the activated MPA molecules would
diffuse onto and be adsorbed on the substrate’s surface, as illustrated in Figure 14(b).

At this time, the adsorbed MPA molecules could react with the 2-aminoethanethiol molecules
on the Au-coated Si cone array due to the amino groups in the 2-aminoethanethiol [47], or the
amidation reaction between them

ð14Þ

Figure 13. (a) The Raman spectra for the surface-modified Au-coated Si nanocone array after soaking in the MPA
solutions with different concentrations in the presence of EDC. (b) Plot of the logarithmic peak intensity (I) at 976 cm�1

versus the logarithmic MPA concentration (C) [the data are from (a)]. The straight line is the linear fitting results [42].
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The parameter B0 value is about 0.25 by fitting. We can thus rewrite Eq. (12) as a power
function, or

I ¼ M � C0:25 (13)

where M is the constant independent of the concentration C.
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Regarding the Raman spectral origin and their evolution, it can be attributed to adsorption of
MPA molecules and subsequent amidation reaction on the SERS substrate’s surface, as sche-
matically illustrated in Figure 14.

3.3.1. Amidation reaction-induced Raman spectra

After the coupling agent EDC was added to the ethanol solution of MPA, the coupling
between them would activate the phosphonic groups in MPA [see Figure 14(a)] [47]. When
the surface-modified SERS substrate was subsequently immersed into the MPA solution,
because of the strong interaction between the amino groups in 2-aminoethanethiol and the
phosphonic groups in the activated MPA molecules [47], the activated MPA molecules would
diffuse onto and be adsorbed on the substrate’s surface, as illustrated in Figure 14(b).

At this time, the adsorbed MPA molecules could react with the 2-aminoethanethiol molecules
on the Au-coated Si cone array due to the amino groups in the 2-aminoethanethiol [47], or the
amidation reaction between them
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Figure 13. (a) The Raman spectra for the surface-modified Au-coated Si nanocone array after soaking in the MPA
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would occur on the surface of the array. The reaction products N-(2-mercaptoethyl)-P-
methylphosphonamidic acid C3H10O2NPS should be formed and bound or anchor on the
surface of the array [see Figure 14(c)]. Besides, the byproduct N-acylurea was also produced
in the solution. It is water-soluble and removable before Raman spectral measurement [see
Figure 14(d)]. So, the Raman spectrum shown in curve (I) of Figure 12 could be ascribed to the
product C3H10O2NPS on the substrate.

Evidently, the higher MPA content in the solution would induce the more activated MPA
molecules adsorbed on the modified Au-coated Si nanocone array, and the more reaction
products C3H10O2NPS bound on the array. This would result in higher Raman peak intensity,
showing increase of the Raman peak intensity with the rising MPA content in the solutions, as
illustrated in Figure 13(a).

Quantitatively, as mentioned earlier, the concentration-dependent Raman intensity can be
described by a power function [see Eq. (13)]. It should be associated with the adsorption
behavior of the MPA molecules on the modified substrate. According to the Freundlich theory
[49], the adsorption of molecules on a heterogeneous surface could be described by:

qe ¼ KF � C1
n (15)

where qe is the equilibrium adsorption amount, the parameters KF and n are the parameters
reflecting the adsorption capacity and adsorption intensity, respectively. Obviously, the

Figure 14. The schematic illustration for the MPA molecules’ adsorption and amidation reaction on the Au-coated Si
nanocone array. (a) Ethanol solution of the EDC-activated MPA. (b) The activated MPA molecules diffuse into and are
adsorbed on the surface-modified array. (c) The amidation reaction on the substrate is finished. (d) The reaction products
(organic phosphorus amide molecules) are bound to the substrate [42].
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intensity I of a Raman peak should be proportional to the number density of the molecules
adsorbed on the substrate within the area of a laser spot or show a linear relation with the
adsorption amount q:

I ¼ K0 � q (16)

where K0 is the constant. By combining Eqs. (15) and (16), we have the relationship between
the intensity of Raman signal and the MPA concentration in the soaking solution:

I ¼ K � C1
n (17)

where K ¼ K0 � KF. Eq. (17) is in complete agreement with Eq. (13), which has also confirmed
the Freundlich-typed adsorption of the MPA molecules on the substrate. By combining Eqs.
(13) and (17), the value of MPA adsorption parameter (n) can thus be estimated to be n = 4. This
also presents a simple way to measure the adsorption parameters, which are normally
acquired by the time-consuming measurement of the adsorption isotherms.

3.3.2. Confirmation of the amidation reaction

For confirmation of reaction (9) occurring on surface of the substrate, the amidation reaction
experiment was carried out, according to Vijay et al.’s method [50], by preparing the ethanol
solution with EDC, MPA and 2-aminoethanethiol and continuously stirring it at room tempera-
ture for 15 h, as previously described in detail [42]. The pure amidation compound was thus
acquired. The FTIR measurement was conducted for this compound, as shown in Figure 15. All
peaks can be ascribed to the vibrations of N-(2-mercaptoethyl)-P-methylphosphonamidic acid
(C3H10O2NPS) [51]. For instance, the peaks at 731, 768 and 812 cm�1correspond to twisting
vibrations of the carbon chains (CH2)2 in C3H10O2NPS; the peak at 894 cm�1 is assigned to the
stretching vibration of (PdCH3) + (PdO); and the peaks at 1041 and 1064 cm�1 are from the
stretching vibrations of (CdN) [48]. These indicated that pure amide C3H10O2NPS was
obtained.

Figure 15. FTIR spectrum of the products after amidation reaction [42].
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where K0 is the constant. By combining Eqs. (15) and (16), we have the relationship between
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also presents a simple way to measure the adsorption parameters, which are normally
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For confirmation of reaction (9) occurring on surface of the substrate, the amidation reaction
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stretching vibrations of (CdN) [48]. These indicated that pure amide C3H10O2NPS was
obtained.

Figure 15. FTIR spectrum of the products after amidation reaction [42].

SERS-Based Sensitive Detection of Organophosphorus Nerve Agents
http://dx.doi.org/10.5772/intechopen.72630

145



For the Raman spectral measurements, the pure amide (C3H10O2NPS) was diluted, with ethanol,
to a given concentration. The Au-coated Si nanocone array was then immersed into the C3H10O2-
NPS-contained ethanol solution before the Raman spectral measurements. Figure 16 shows the
results corresponding to the solution with 1.0 � 10�3 M in C3H10O2NPS concentration. The
spectral pattern is in good agreement with that shown in curve (I) of Figure 12. So, the Raman
spectrum in curve (I) of Figure 12 should be attributed to the amidation compound
C3H10O2NPS. These results have confirmed that the amidation reaction occurred on the surface
of the modified Au-coated Si nanocone array during its immersion in the MPA solutions with
EDC, and that the reaction products C3H10O2NPS molecules were formed on and bound with
the array’s surface.

3.4. Quantitative SERS-based detection of MPA

As mentioned earlier, the Au-coated Si nanocone array modified with 2-aminoethanethiol can
capture selectively MPA in the solution in the presence of EDC via diffusion and adsorption,
leading to the amidation reaction and the formation of C3H10O2NPS molecules which were still
bound on the array’s surface. The bound C3H10O2NPSmolecules were corresponding to theMPA
molecules adsorbed on the SERS substrate. Therefore, by using the 2-aminoethanethiol-modified
Au-coated Si nanocone array, we can realize the SERS-based ultrasensitive and quantitative detec-
tion ofMPA in the solution. The obtained Raman spectra are from the C3H10O2NPSmolecules but
corresponding to theMPA,which exhibits a linear double logarithmic relation between theRaman
peak intensity and the MPA concentration, as described in Eq. (4). Since there exist similarities
between MPA and sarin in chemical properties and Raman spectral pattern, as mentioned in
Section3.1.1, it is thus expected that the abovementionedmethod is also suitable for sarin detection.

Finally, it should be mentioned that the method introduced here relies on the activation of
phosphonic groups by the coupling agent EDC which creates reactive phosphonamide. Both
EDC and the by-product N-acylurea can be removed by subsequent substrate cleaning before
Raman spectral measurement.

Figure 16. The Raman spectrum for the Au-coated Si nanocone array after immersion in the ethanol solution with
1.0 � 10�3 M C3H10O2NPS [42].
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4. Conclusions and outlook

We have introduced some recent progresses in the SERS-based detection of the organophospho-
rus nerve agents, including the thin water film confinement evaporation concentrating strategy
and the SERS substrates’ surface modification/amidation reaction. For the former, when the
solution containing target molecules is dropped on the SERS substrate and forms a thin water
film on it, the target molecules are limited within the film. Subsequent water evaporation leads to
the enrichment or concentrating of the target molecules within the region of strongly enhanced
electromagnetic field above the substrate, and hence significantly enhances the Raman signal or
induces the CERS effect. The validity of this strategy has been demonstrated by taking the sarin
simulant DMMP as the target molecule, which are hardly adsorbed on the gold substrates,
exhibiting significant CERS effect during water film evaporation and showing a good linear
relation between the reciprocal intensity for the Raman characteristic peak and the evaporation
interval, which is in agreement with quantitative description of evaporation-induced solute
concentrating. The thin water film not only confines the target molecules within a limited space
but also protects the target molecules from laser-induced damage. This approach should also be
suitable for the other soluble molecules with low volatility. For the latter, because the 2-
aminoethanethiol molecules possess two-head groups: amino and thiol groups: one can be
bound with gold film and the other can capture the phosphonic groups in sarin simulation agent
MPA in presence of the coupling agent EDC, the 2-aminoethanethiol-modified SERS substrate
could selectively capture MPA molecules in the solution, which thus induces the amidation
reaction on the substrate’s surface. The reaction products or C3H10O2NPS molecules are still
bound on the substrate’s surface. Correspondingly, we could obtain the Raman spectra of amide
C3H10O2NPS, which correspond to the MPA molecules adsorbed on the substrate. The Raman
peak intensity shows a good linear double logarithmic relation with the MPA concentration in
a large range, which could be attributed to Freundlich adsorption behavior of MPA on the
surface-modified SERS substrate. The minimum detection level of MPA is down to�1 ppb. We
can thus quantitatively detect MPA or sarin in solutions based on the SERS effect. This route
could also be suitable for the other organophosphorus nerve agents and some other molecules
weakly interacted with the coin metal substrates by choosing appropriate modifiers. In a word,
the abovementioned progresses provide new ways for highly efficient SERS-based detection of
the organophosphorus nerve agents and some other target molecules that weakly interact with
the coin metal substrates.
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For the Raman spectral measurements, the pure amide (C3H10O2NPS) was diluted, with ethanol,
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weakly interacted with the coin metal substrates by choosing appropriate modifiers. In a word,
the abovementioned progresses provide new ways for highly efficient SERS-based detection of
the organophosphorus nerve agents and some other target molecules that weakly interact with
the coin metal substrates.
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Abstract

This chapter showcases some of the versatility of Raman spectroscopic data as applied
to the characterization of single (SWNT) and multi-walled (MWNT) carbon nanotubes,
few layer graphene and functionalized graphene nanoplatelets, with an emphasis on
gas-sensing applications. Specifically, water vapor and a variety of toxic gases (NO,
NO2, and SO2 at 500 ppm in gaseous nitrogen) have been targeted for detection over
the temperature range 24–200�C. The structure of sp2-hybridized carbon allotropes is
reviewed and scanning electron microscopy (SEM) imagery utilized in conjunction with
Raman spectroscopy to physically and spectrally characterize the various graphitic
nanomaterials studied. A Kataura plot analysis associated with the Radial Breathing
Mode (RBM) vibrations of SWNT has been used to identify possible chiralities in the
graphitic samples employing 455, 532 and 780 nm laser excitation wavelengths to record
the Raman spectra. The effect of temperature on the various Raman vibrational modes
(RBM, G+ and G�) has been investigated, along with a determination of the thermal
conductivity of SWNTsamples and correlation between the purity of the sample and the
variation of the slope of the G+ band with increasing laser power.

Keywords: Raman spectroscopy, carbon nanotubes, graphene, graphene nanoplatelets,
nanomaterials

1. Introduction

The first class of materials whose properties and characterization via Raman spectroscopy we
discuss here are the graphitic allotropes—single and multi-walled carbon nanotubes (SWNT,
MWNT), followed by graphene and graphene nano flakes, specifically plasma functionalized
graphene nanoplatelets. The chapter will begin with some discussion of the rich Raman spectral
features of sp2 carbon allotropes, which will be necessary since there will be an emphasis on
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gas-sensing applications. Specifically, water vapor and a variety of toxic gases (NO,
NO2, and SO2 at 500 ppm in gaseous nitrogen) have been targeted for detection over
the temperature range 24–200�C. The structure of sp2-hybridized carbon allotropes is
reviewed and scanning electron microscopy (SEM) imagery utilized in conjunction with
Raman spectroscopy to physically and spectrally characterize the various graphitic
nanomaterials studied. A Kataura plot analysis associated with the Radial Breathing
Mode (RBM) vibrations of SWNT has been used to identify possible chiralities in the
graphitic samples employing 455, 532 and 780 nm laser excitation wavelengths to record
the Raman spectra. The effect of temperature on the various Raman vibrational modes
(RBM, G+ and G�) has been investigated, along with a determination of the thermal
conductivity of SWNTsamples and correlation between the purity of the sample and the
variation of the slope of the G+ band with increasing laser power.

Keywords: Raman spectroscopy, carbon nanotubes, graphene, graphene nanoplatelets,
nanomaterials

1. Introduction

The first class of materials whose properties and characterization via Raman spectroscopy we
discuss here are the graphitic allotropes—single and multi-walled carbon nanotubes (SWNT,
MWNT), followed by graphene and graphene nano flakes, specifically plasma functionalized
graphene nanoplatelets. The chapter will begin with some discussion of the rich Raman spectral
features of sp2 carbon allotropes, which will be necessary since there will be an emphasis on
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those particular Raman bands and features that provide useful structural/thermal data about
carbon nanotube samples. It will be followed by an overview of graphene and graphene
nanoplatelets and their usefulness for gas-sensing applications utilizing Raman spectroscopy.

The one-dimensional graphite allotrope, carbon nanotube, is conceptually described as being a
rolled-up graphene sheet, yielding the cylindrical nanomaterials that have diameters of a few
nanometers. The multi-walled varieties contain several concentric cylindrical shells. The
Raman bands and the variations under various external perturbations of the sp2 graphitic
materials cited above include the graphite G-band common to all sp2 carbons at around
1580 cm�1 due to the intraplanar bond stretching of the two carbons in the hexagonal lattice
unit cell, and the carbon nanotube specific radial breathing mode (RBM)—which arises as a
consequence of their cylindrical geometry. Lastly, there is the defect D-Raman band, which
arises due to defects, finite size effects, or any other cause of departure from perfect crystalline
regularity, and the 2-D band. The characterization topics discussed in connection with the
graphitic materials will be the identification of the chirality types present in carbon nanotube
samples using the resonant RBM mode of carbon nanotubes and its connection to the interest-
ing quasi 1-dimensional character of their electronic structure. The other properties obtained
via Raman spectroscopy discussed will also be the anomalous thermal expansion and thermal
conductivity of the sp2 graphitic materials investigated.

We have also utilized Raman spectroscopy to understand the behavior of vibrational modes
associated with graphene following gas exposure. Specifically, we have studied the effects of
water vapor and toxic gases (SO2, NO2, NO), via variable humidity levels, gas concentrations,
exposure times, and thermal loading, on the Raman spectra of graphene.

Functionalized graphene nanoplatelets are comprised of an amorphous mixture of graphene
sheets. Their thicknesses range from 6 to 8 nm, and the overall density usually lies between
0.03 and 0.1 g/cc. The oxygen content of the majority of samples normally are <1%, with the
remaining carbon content exceeding 99.5 wt % (STREM). The morphology of this amorphous
material plays a large and significant role in its enhanced mechanical properties, such as
stiffness, strength, and surface hardness. By incorporating a small number of certain atoms
that differ in the number of valence electrons into the pure crystal, the doping of graphene
nanoparticles can lead to an enhancement in conductivity.

For the thermal conductivity measurements of the carbon allotropes, we have used the G-Raman
band and its variation with increased sample temperature through laser heating. The method and
the useful information it provides is due to Terekhov et al. [1]. Also, edge defect characterization
of graphene nanoplatelets based on Eq. (1) due to Cancado et al. [2] has also been included, where
L is the characteristic in-plane crystallite size of the graphene nano flake, λ is the laser wave-
length, and ID and IG are the intensities of the Raman D-band and G-band, respectively.

L ¼ 2:4� 10�10� �� λ4 ID=IGð Þ�1 (1)

Our research presented here is aimed at extending the knowledge regarding the nature of
graphitic nanomaterial-gas sensing interactions and help develop better models for their
enhanced understanding, which in turn would make the development and production of more
effective in situ gas sensors feasible.
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2. Structure of sp2 nanocarbons

This introductory section presents a cursory discussion of SWNT and MWNT structures. This
will be done by first looking at the unit cell of planar graphene and also graphite since the
former material is considered to be the conceptual parent material of all sp2 graphitic mate-
rials, including SWNTs through the application of a simple rolling up operation. Since the
molecular/electronic and geometric structures are highly dependent on graphene, the majority

of a SWNT’s structural features are expressed via the lattice vectors a1
!
, and a2

!
of the graphene

unit cell shown in Figure 1.

The two unique Carbon atoms A and B in each unit cell are located respectively at (0, 0) and at

1/3* a1
! þ a2

!� �
(Figure 1 adapted from Wong and Akinwande [3]). The progression to the first

related graphitic material, three dimensional graphite, is accomplished through the stacking of
several layers of 2-dimensional graphene layers, where in the A-B Bernal stacking structure,
there are 2*N atoms per unit cell, N being the number of layers [4]. A major structural factor of
graphite that results in the electronic structure of 2-dimensional graphene being a reasonable
first order approximation of the former is the average inter-layer spacing of 3.35 Angstroms.
This distance is much larger than the nearest neighbor Carbon–Carbon distance of 1.42 Å,
hence resulting in much weaker overall attractive interaction between layers compared to
intra-planar interactions [5].

Moving now to one of major foci of the chapter single-walled carbon nantoubes (SWNTs), the
conceptual operation performed on the single 2-dimensional graphene sheet is “rolling” it up
into a cylinder. The diameter distribution of most SWNTs produced by various techniques is
dominated by tubes with diameters less than 2 nm, although diameters in the range of 0.7–
10.0 nm are possible [5]. Ignoring the two ends and exploiting the very large length to diameter
ratio (~104–105) of SWNTs allows one to safely view these sp2 nanocarbons as quasi 1-dimen-
sional objects [5].

The concept of chirality is essential in the description of SWNT structure. It is defined by the
chiral vector, denoted by Ch in Figure 1, and several equivalent interpretations of this structural
quantity are usually given. For example one may consider the fact that the chiral vector deter-
mines the arrangement of the six-sided carbon hexagons in the curved planar wall of the SWNT
[5]. Alternatively, one may also view the chirality of a SWNT in terms of the overall symmetry of
the constructed SWNT, specifically whether or not the SWNT has vertical mirror plane reflection

Figure 1. Graphene unit cell.
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symmetry across planes containing the tube axis [3]. An additional benefit of the latter viewpoint
is its more direct path to the discovery of there being only three overall structural categories of
SWNT as shown in Figure 1.

Chiral SWNTs are formed such that the orientation of the carbon hexagons on the tube surface
do not allow the sides of the tube across a vertical mirror plane to be superimposed on one
another. The remaining two subcategories achiral SWNTs, armchair and zig-zag SWNTs how-
ever, do allow for such reflection symmetry based on the arrangement of the Carbon hexagons
along the cylinder walls. The names armchair and zig-zag refer to the circular cross-sections of
each of these achiral SWNT types shown by the bold lines in Figure 1. We conclude this section
dealing with the structural properties of primarily SWNTs with the actual construction of a

SWNT, starting just the two SWNT graphene lattice vectors, a1
!

and a2
!
, which have the follow-

ing Cartesian components a
ffiffi
3

p
2 ; a2

h i
, and a

ffiffi
3

p
2 ;� a

2

h i
respectively.

Relying on the example of Figure 1 which demonstrates the formation of a (3, 3) armchair
nanotube, the planar unit cell is formed by rolling the gray shaded region along the chiral
vector such that points C and D coincide respectively with points D and B. After performing
the previous conceptual rolling operation the pertinent quantity that defines the SWNT unit

cell in the resultant nanotube is the translational vector T
!
as shown in the right hand portion of

Figure 1. As its name suggests this vector is the shortest vector that is perpendicular to the
chiral vector, and represents the axial component of the SWNT unit cell that is repeated in this
same direction. This formalism of SWNT construction that begins from the planar graphene
lattice provides the readily obvious interpretation for the magnitude of the chiral vector,
namely its magnitude equaling the nanotube circumference given by the expression,

C
!

h ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2 þ nm

p
where a ≈ 2.46 Å is the graphene hexagonal lattice constant equal to

ffiffiffi
3

p

times the nearest neighbor C-C distance of 1.42 Å. The remaining structural parameter in
Figure 1, the angle q, is the chiral angle, conventionally chosen to be the angle between the

chiral vector and the a1
!

lattice vector. This angle ranges from 0� ≤ q ≤ 30� with the lower bound
corresponding to zig-zag SWNTs and the upper bound corresponding to armchair SWNTs.

The integers, n and m simply refer to the number of a1
!

and a2
!

lattice vectors used in the
construction of the chiral vector usually with the convention of n ≥ m. For zig-zag SWNTs
m = 0, and in the case of armchair SWNTs both chiral indices are identical [3].

3. Experimental

In Raman spectroscopy, a laser diode emits photons, which interacts with the sample, most of
the light bouncing off unchanged with the same frequency as the source (Rayleigh scattering).
However, a small amount of light experiences an energy shift (Raman scattering) and is filtered
to allow only the Raman scattered light to be collected by the detector. The sample vibrates
uniquely to its structure and each vibration mode uniquely alters the emitted photons wave-
length and that change is graphed as intensity per wavelength. An unknown sample’s Raman
spectrum can be compared to the known Raman spectral graph.
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3.1. Thermo fisher scientific DXR smart Raman spectrometer

The primary instrument used to record the majority of the Raman spectra was a DXR
SmartRaman spectrometer (that uses 780, 532, and 455 nm laser sources). The first wavelength
(780 nm) was used for the bulk of the recorded spectra and utilized a high brightness laser of
the single mode diode (as does the 532 nm light source), while the 455 nm source is a diode-
pumped solid state laser. This instrument employs the 180-degree backscattering geometry,
full range grating and triplet spectrograph, coupled with automated entrance slit selections in
order to provide the Stokes-shifted Raman bands.

3.2. Renishaw inVia Raman spectrometer

The Renishaw inVia Raman spectrometer uses a 532-nm laser source and was used to obtain
the Stokes spectra of the graphene and functionalized Nanoplatelets samples. It consists of a
microscope to shine light on the sample and collecting the scattered light, filtering all the light
except for the tiny fraction that has been Raman scattered, together with a diffraction grating
for splitting the Raman scattered light into component wavelengths, and a CCD camera for
final detection of the Raman spectrum.

3.3. Ventacon heated cell

The Raman spectral data in this study of the two different SWNT samples were obtained under
thermal loading from room temperature to 200�C in steps of 10�C. Both powdered samples were
heated externally via a Ventacon™ model H4–200 heat cell that is diagrammed in Figure 2. The
first SWNT sample was produced by Unidym™ Carbon Nanotubes. The Hipco technique was
used in the production of this sample, which involves the nucleation of SWNTs on Fe(CO)5
catalyst material using high pressure CO, followed by various quality control methods (Misra
et al., 2013) [6]. According to manufacturer specifications, the diameters and lengths of the
nanotubes in this sample ranged between 0.8 to 1.2 nm, and 100 to 1000 nm, respectively. The
sample data also claimed a purity level of only 8% residual Fe catalyst by weight present.

Information about the method of production or purity levels of the second SWNT sample was
not available. In the data sets for both samples each point in the ωRBM vs. temperature plots is
the mean value from two separate Raman collections. The standard error of each data point
obtained from both Raman spectra collected at each temperature is also displayed for both
samples. The spectra recorded at each pre-set temperature were obtained with a temperature
variation of �0.1�C.

3.4. Aluminum disk cell for graphene gas exposure Raman spectroscopy

Figure 3 is a diagram of the components of the sample cell and how it is placed underneath the
Renishaw Raman spectrometer. The cell contains apertures that connect to the center of the
cell, where the sample is placed and sealed through means of a glass disk and an O-ring. In
addition, the cell has an aperture to place a thermocouple to read the temperature of the cell
and another one where we place a voltage-induced heating cylinder. The gas flow comes from
the gas cylinder into the rotameter and then through a series of tubing to the cell. These tubes
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connect to holes within the sealed sample chamber and flow out through the other output tube
and into the bubbler. The bubbler is submerged in liquid nitrogen in order to separate the more
dangerous components of the gases used and flow the rest through an inlet fan connected do
an exhaust. At the end of the experiment, the bubbler is placed in a fume hood and left until
the following day. Figure 4 shows multiple components of this setup that were used for the gas
exposure experiments.

Figure 3. Aluminum disk cell used for gathering Raman spectral data during gas exposure of graphene samples; top
view (left) | under Raman microscope (right) [7].

Figure 2. Top: Ventacon H4-200 heat cell. Middle: Cross sectional layout of oven. Bottom: Cylindrical powdered/solid
sample holder.

Raman Spectroscopy160

The measurement sequence for the gas exposure of graphene samples is as follows:

1. The sample is placed in the cell, nitrogen gas flows into the sample chamber and heated
up to the 130–150�C temperature range. Raman spectroscopy data are taken as the cell
heats up. Typically, 60 scans are taken, with a 20-second exposure for graphene. The
voltage is adjusted in order to control the temperature increase.

2. Voltage is reduced and the Raman spectral data recorded, as the temperature drops back
to near ambient value.

3. Nitrogen flow stops and the toxic gas for that experiment flows into the sample chamber.
We take sets of 120 exposures with laser exposure and delays that result in a 30-minute
exposure. This is repeated for different gas flows, with the rotameter reading 50, 100, 150
and maximum values for a total of 2-hour exposure.

4. We repeat Steps 1 and 2 to see if the Raman features return back to normal; this allows us
to verify the effects of the gas exposure on the graphene sample.

3.5. JEOL JSM-7600F scanning electron microscope

Images of functionalized graphene nanoplatelets were taken with the JEOL JSM-7600F scan-
ning electron microscope [8]. The secondary electron detector on the SEM uses an EMI current
of 138.20 nA. Beam current has a range of 1 pA to 200 nA. The JEOL JSM-7600F SEM contains a
large variety of detectors that can be used on specimen samples up to 200 mm in diameter.
Various magnifications were selected when appropriate to accurately display the sample
structure; SEM magnifications range between 25 and 1000000�. The modular software pro-
gram Gwyddion was used to generate 3-dimensional visualization of the nanoplatelet aggre-
gate structures.

Figure 4. Left: Setup showing the tubing layout for the gas exposure Raman spectroscopy experiments; center: Filling the
bubbler with liquid nitrogen to break up dangerous gas components; right: Bubbler after experiments had concluded [7].
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bubbler with liquid nitrogen to break up dangerous gas components; right: Bubbler after experiments had concluded [7].
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4. Raman spectra of single-walled carbon nanotubes (SWNTs)

The current section is an overview of the Raman active modes of SWNTs. The current treat-
ment is meant only to preview the Raman bands and features relied on most heavily during
the authors’ characterization of SWNT samples. The first of the Raman bands featured in this
section is the G-band, so called since it is common to all sp2 nanocarbons, centered at
~1580 cm�1. This high energy band is a consequence of the in-plane C-C bond stretching.
Interestingly due to the induced strain from the curvature of SWNTwalls the G-band for these
structures is split into several peaks, with the two most prominent ones being the symmetric
A1 denoted as G+ and G� at ~1590 and ~1560 cm�1, respectively. The variation of the smaller of
these two peaks with diameter is given by [4]:

ωG ¼ 1591þ C
d2t

(2)

where dt is the nanotube diameter, and the value C corresponding to the G� band for semi-
conducting and metallic nanotubes respectively are 47.7 and 79.5 cm�1 nm. The above relation
is derivable solely from a careful application of elasticity theory to SWNTs [4]. The later
discussion of the use of the temperature variation of the G+ band in connection with thermal
conductivity is based on a time-dependent perturbation of the G+ Raman band.

Next, the Raman band at around 1300–1350 cm�1 is the D-Band, which has been shown in [9]
to be associated with any defects or departures from perfect regularity in the sp2 graphite
lattice. Equation (3) shows the variation of typical crystallite sizes La with the Raman laser
excitation energy, and ratio of the intensity of the D-band and G-band, based on a more recent
version of Tuinstra and Koenig’s original analysis [9]:

La nmð Þ ¼ 560
E4
laser
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(3)

The final Raman band featured in this section, the radial breathing mode is only present
carbon nanotube spectra, and is therefore used as an indication of their presence in sp2 Carbon
samples. As implied by its name the intra-planar displacement of the C-atoms in this Raman
active mode is effectively in the radial direction of the resultant SWNT, as if the entire SWNT is
breathing. There are two significant features associated with this particular SWNT Raman
band in connection with their structural and electronic properties. The first is the inverse
relationship between the RBM frequency and SWNT diameter expressed in Eq. (4):

ωRBM ¼ A
dt

(4)

Similar to Eq. (1) this relation is also based on continuum elasticity theory. Since the original
work done on this relationship was based on individual SWNTs of the kind typically produced
via the super-growth method, further work by various groups led to Eq. (5), which is an
extension of the prior equation that accounts for environmental perturbations of the RBM,
especially on SWNTs in macroscopic bundled samples [4]:
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ωRBM ¼ 227
dt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ced2t

q
(5)

The overall environmental contribution to the RBM shift is contained in the fitted constant Ce,
which is unique to SWNTs produced by any of the various available techniques. In the case of
SWNTs produced by the HiPCO technique used in our studies, Ce was determined to have a
value of 0.05 [4].

The second critical feature associated with the RBM band is its role in expressing the link
between the quasi 1-dimensional electronic behavior and structure of SWNTs. The phenome-
non referred to above is the resonant character of the Raman spectra of SWNTs, in which the
intensity of Raman scattering from a SWNT is increased many fold when the laser excitation
energy is very near that of an optical transition. Figure 5 shows the density of states for a
representative metallic and semi-conducting single-walled carbon nanotube, respectively, and

Figure 5. Electronic density of states for a metallic and semi conducting SWNTshows two transitions labeled, E11 and E22,
between the corresponding valence and conduction bands.
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shows two such transitions, labeled E11 and E22, between the corresponding valence and
conduction bands (adapted from [3]).

These sharp divergences between the optical transitions are known as van Hove singularities.
Such singularities arise from the form of the density of states expression for a 1-dimensional
sample as indicated in Eq. (6), which is derived for the simple free electron gas model [3]:

g Eð Þ ¼
1
h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 m

E� E0

r
, E > E0

0, E ≤E0

8<
: (6)

The density of states of the electrons and holes in SWNTs shows the two most significant
characteristics of Eq. (6), namely the inverse square root variation with energy, and the van
Hove divergences at energies close to the Fermi level E0. Kataura [4] made arguably one of the
most significant contributions to both the theoretical description and practical use of these
resonance Raman effects with the introduction of the so-called Kataura Plot in 1999. These
plots of nanotube diameter or RBM frequency vs. optical transition energy Eii, which are now
in common use for the identification of the chiralities present in a SWNT sample, are possible
due to the Eii values’ inverse dependence to SWNTdiameter. The use of a theoretically derived
Kataura plot for (n, m) identification begins the following section discussing our actual use of
Raman spectral data in SWNT sample characterization.

5. Raman spectral SWNTcharacterization

5.1. Kataura plot analysis

The discussion of Section 4 means that in Raman spectra from bundled SWNTs, which is the
case in this research, the majority of the signal comes from those tubes in the sample with
diameters that are resonant with the excitation wavelength [4]. Therefore, this makes Kataura
plots extremely useful in identifying the possible chiral indices contained in any SWNT sam-
ples one may be working with. Displayed in Figures 6–8, and Table 1, are the theoretical
Kataura plots and Raman spectral data that were used to identify the chiralities present in
one of the SWCNT samples used in the present study.

5.2. Thermal expansion

In this section, we discuss the effect of temperature on the Raman vibrational modes of SWNTs
and subsequent use of this valuable effect in obtaining an estimate of the thermal expansion for
one of the SWNT samples used in the present study [10].

Considering the phonon frequency ω(V, T) as a function of volume V, and temperature T, the
derivatives of this quantity with respect to pressure and volume can be connected to each other
via the equations
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Figure 6. Theoretical Kataura plot for metallic SWNTs. The three horizontal lines from top to bottom represent respec-
tively, the 455, 532, and 780 nm laser excitation wavelengths used on the SWNT sample. The intersection of the horizontal
lines with the Kataura plot at any of the diameters obtained from the radial breathing modes help to identify possible
chiralities in the sample. The Kataura plot data was obtained from K. Saito, et al. [5].

Figure 7. Theoretical Kataura plot for type 1 semi conducting SWNTs. The three horizontal lines from top to bottom
represent respectively, the 455, 532, and 780 nm laser excitation wavelengths used on the SWNT sample. The intersection
of the horizontal lines with the Kataura plot at any of the diameters obtained from the radial breathing modes help to
identify possible chiralities in the sample. The Kataura plot data was obtained from Saito et al. [5].
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lines with the Kataura plot at any of the diameters obtained from the radial breathing modes help to identify possible
chiralities in the sample. The Kataura plot data was obtained from K. Saito, et al. [5].

Figure 7. Theoretical Kataura plot for type 1 semi conducting SWNTs. The three horizontal lines from top to bottom
represent respectively, the 455, 532, and 780 nm laser excitation wavelengths used on the SWNT sample. The intersection
of the horizontal lines with the Kataura plot at any of the diameters obtained from the radial breathing modes help to
identify possible chiralities in the sample. The Kataura plot data was obtained from Saito et al. [5].
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Figure 8. Theoretical Kataura plot for type 2 semi conducting SWNTs. The three horizontal lines from top to bottom
represent respectively, the 455, 532, and 780 nm laser excitation wavelengths used on the SWNT sample. The intersection
of the horizontal lines with the Kataura plot at any of the diameters obtained from the radial breathing modes help to
identify possible chiralities in the sample. The Kataura plot data was obtained from Saito et al. [5].

Table 1. Identification of metal type, type 1 semiconducting and type 2 semiconducting chiral indices in SWNT samples
using Kataura plots.
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Equation (10) gives a breakdown of the measurable temperature variation of the phonon
frequency on the left in terms of two contributions. The first term on the right represents the
intrinsic, purely thermal contribution to the lowering of the phonon frequency caused by the
anharmonic intermixing of the various phonon modes [12]. The second term, often referred to
as the “pure volume” effect, represents the induced phonon shift to lower frequency with
temperature due to a reduction in the bonds’ force constants brought about by typical volume
increases with temperature, namely thermal expansion.

The laser excitation wavelength used to obtain the Raman data for the purified Hipco pro-
duced sample was 780 nm with a 6 mW power setting. Some other collection parameters
associated with this sample were an exposure time of 10.0 s during each of the 3 exposures
for each recorded Raman spectrum. Lastly, the aperture setting used for the entrance slit was a
25-micron slit.

Similarly, for the second SWNT sample, the laser power setting for the heated Raman spectra
was 6 mW, but this time with 532 nm excitation. A larger entrance slit aperture, 50 microns in
width was used, in addition to the exposure time and number of exposures for the Raman
spectra at each temperature being 10.0 s and 6 respectively. It must be noted that there is an
unexpected “kink” or change in slope in Figures 9 and 10 at approximately 350 K temperature
for all of the Raman bands. This phenomenon which is more noticeable in Figure 9 for the
purified Hipco sample requires further examination.

Figures 9 and 10 show the results of our reproduction [10] of the linear downshift of the
primary first order Raman frequencies with temperature for two SWNT samples, along with
each sample’s corresponding Scanning Electron Microscopy (SEM) images. The linearity of
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this trend is due to the dominance of the “purely temperature” effect’s contribution over that
of the contribution from thermal expansion as was noted in [13] and [14], where the latter
authors were able to separate each of the two contributions’ effects on graphite.

Figure 10. SEM image of SWNT sample (top left); temperature variation of the first order Raman RBM (top right), G�

band (bottom left), and G+ band (bottom right), with temperature of a SWNT sample heated externally with the Ventacon
heat cell. 532 nm laser excitation was used for recording the Raman spectra.

Figure 9. Top left: Scanning electron microscopy (SEM) image of HipCO produced SWNT sample; top right: Variation
with temperature of the first order RBM vibration; bottom left: G� Raman band and bottom right: G+ Raman band of a
SWNTsample heated externally with the Ventacon heat cell. A 780-nmwavelength laser excitation was used for recording
the Raman spectra on this HipCO produced sample.
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The temperature effect dominance of the phonon frequency downshift mentioned above also
manifests itself in the empirical polynomials usually used to express experimental data associ-
ated with this phenomenon, such as the example in Eq. (11):

ω Tð Þ ¼ ω0 þ a1T þ a2T2 (11)

In the reported values of the temperature redshift of Raman frequencies throughout the
literature the second-order term a2 is often negligible compared to its first order counterpart
a1, resulting in a primarily linear trend that was caused mainly by thermal effects not associ-
ated with volumetric changes as discussed above.

We now present our results of the use of Resonant Raman Spectroscopy to determine the
volume coefficient of thermal expansion (CTE) behavior of the second SWNT sample obtained
through the use of the temperature shifted radial breathing mode band. The technique used to
determine the volume CTE β, is the same as that used by Espinosa-Vega et al. [15]. Figure 11
shows the variation with temperature of the fractional volume change of the resonant SWNTs
associated with the sole radial breathing mode band of 166.0 cm�1 that was present in our
spectra. The resulting volume thermal expansion coefficient β, and the same results from [15]
are also displayed in Figure 11. Based on the premise of the bundled SWNTs being arranged in
the sample as circular cylinders of equal length, which was the same assumption made by
Espinosa-Vega et al. [15], we obtained the volume at each temperature using the previously
discussed relationship between ωRBM and tube diameter:

Figure 11. Temperature variation of the fractional change in volume and the volume thermal expansion obtained from
the radial breathing mode Raman band (left). Corresponding data are from Espinosa-Vega et al. [15] (right).
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ωRBM ¼ A
dt

þ B (12)

The respective values for A and B of 248.0 cm�1�nm and 10.0 cm�1 were used by Espinosa-
Vega et al. [15].

The linear temperature dependence of the volume coefficient of thermal expansion (CTE) β
was then obtained as shown in Figure 11 with Espinosa-Vega’s data on the right for compar-
ison. According to [12], both the fractional volume data and subsequent linear trend in β led to

the conclusion that the temperature dependence of the volume varied as ecþbTþaT2
. The

resulting values for the parameters a, b, and c from our model were �1.46 � 10�6, 0.00125142,
and �0.245 respectively. The linear downshift in the data for β goes from 0.2 � 10�6 to
�0.5 � 10�7 K�1, with a slope of �1.6 � 10�9 K�2, over the experimental temperature range
of ~300–473 K. Espinosa-Vega et al.’s data show β decreasing from 5.8� 10�6 to 4.7� 10�6 K�1

over a larger temperature range of 300–875 K [15].

Espinosa-Vega et al.’s Raman spectra were obtained in a nitrogen atmosphere, whereas ours
were collected under open air ambient conditions. This is why the Espinosa-Vega experiment
was allowed to operate at the very high (maximum) temperature of 875 K before the onset of
any irreversible changes to the Raman spectrum frequencies, such as the loss of intensity
brought about by the thermal deterioration of the SWNTs. The smaller values of the tempera-
ture slope values Δω/ΔT obtained in the nitrogen atmosphere, as opposed to in open air, also
meant that Espinosa-Vega et al.’s SWCNTs had a greater thermal stability [15].

Another possible reason for Espinosa-Vega et al.’s β values being much greater than ours was
that their experiment was performed on SWNTsamples at a much lower density, possibly even
at the individual level, due to the pre-processing they performed on their samples. They
initially formed a dispersion of their SWNTs with benzene, which was then annealed on a
Silicon surface before any Raman spectra were done. The Raman measurements in the present
study, however, were all performed on macroscopic bundled samples where van der Waals
interactions among the individual tubes were a significant factor. Espinosa-Vega et al. also
provided data on the linear decrease of the volume CTE for SWNTs in ambient air, which
ranged from 3.3 � 10�6 to 2.7 � 10�6 K�1 again over the operating temperature range of 300–
875 K. Although, their volume CTE values are still larger, the decrease from their values
associated with their experiments done in a nitrogen atmosphere support our earlier sugges-
tion of our lower values of β(T) being due in part to the lower thermal stability of the SWNTs
under ambient air conditions.

5.3. Thermal conductivity

We conclude this section dealing with SWNT properties of interest obtainable via Resonant
Raman spectroscopy, with a discussion on obtaining an estimate of sample thermal conductiv-
ity. The method used was developed by Terekhov et al. [1], who show that there is a demon-
strable correlation between the slope of the variation of the G+ Raman band with increasing
laser power at the sample spot for SWNT samples containing different percentages of true
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SWNTcontent. In other words, the slope depends on sample “purity,”where samples with less
purity exhibit larger/steeper slope variations in contrast with high purity samples composed
almost entirely of SWNTs. Since additional analysis performed by Terekhov et al. [1] also show
that the slope rate of change of the G+ band with increased laser power is inversely propor-
tional to thermal conductivity κ, using this method allows one to estimate the thermal conduc-
tivity of a SWNT sample by simply taking the ratio of the experimentally determined slope
variation and an accepted literature value of the thermal conductivity of amorphous Graphite.
Figure 12 shows our reproduction of the above described effect on two SWNT samples (also
pictured in the figure) of differing purity, with the less pure sample indeed exhibiting a greater
rate of decline of the Raman G+ band with increased laser power at the sample spot.

6. Temperature and gas exposure effects on graphene Raman spectra

The Raman spectra of graphene were also recorded at varying temperatures (30–200�C) using
the Ventacon heated cell and the 780-nm laser with the DXR Raman spectrometer. The
graphene samples were all on a silicon/SiO2 substrate and subjected to consecutive heating/
cooling cycles between 30 and 200�C in a sealed chamber. Figure 13 is the spectrum collected
at 30�C. As discussed earlier, the G-band at 1598 cm�1 originates from intraplanar stretching,
while the peak at 2703 cm�1 corresponds to the 2D band. The latter band is due to a second-
order two-phonon process that is highly dispersive. It was discovered that this band can be

Figure 12. Variation of the G+ Raman band of SWNT samples of differing purity levels. (top left) data from Terekhov, S.V.,
et al., AIP Conference Proceedings, (685), 2003, where the percentages indicate the estimated amount of actual carbon
nanotubes present in the sample. (Top right) Our data for the two SWNT samples imaged below. The higher purity
HipCO SWNT sample on the left contains ~8% residual catalyst material.

Raman Spectroscopy of Graphitic Nanomaterials
http://dx.doi.org/10.5772/intechopen.72769

171



ωRBM ¼ A
dt

þ B (12)

The respective values for A and B of 248.0 cm�1�nm and 10.0 cm�1 were used by Espinosa-
Vega et al. [15].
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. The
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over a larger temperature range of 300–875 K [15].
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laser power at the sample spot for SWNT samples containing different percentages of true
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used in estimating the number of layers of a graphene sample. Based on the analysis for this
study, the graphene sample(s) in this experiment proved to be largely single-layered. A third
band around 3078 cm�1 was also present among the Raman spectra collected. It was tracked

Figure 13. Raman spectrum of graphene at 30�C.

Figure 14. Raman spectra illustrating the sensing of water vapor and humidity effects on graphene as a function of
temperature in the range 24.0–150.0�C [top to bottom: Sample at 24.0�C (pristine graphene before heating/pre-exposure),
150.5�C (after heating/pre-exposure), 29.3�C (after cooling/pre-exposure), 26.4�C (last of gas exposure), 149.0�C (after
heating/post-exposure), and 28.5�C (after cooling/post-exposure, respectively].

Figure 15. Raman spectra illustrating the sensing of NO gas on graphene as a function of temperature in the range 24.0–
150.0�C. [top to bottom: Sample at 24.8�C (pristine graphene before heating/pre-exposure), 139.2�C (after heating/pre-
exposure), 27.7�C (after cooling/pre-exposure), 27.5�C (last of gas exposure), 146.2.0�C (after heating/post-exposure), and
28.9�C (after cooling/post-exposure, respectively].
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and is probably due to the substrate or glass surface of the microscope stage. Another possi-
bility is that it is either an overtone Raman band of graphene or a C-H stretch benzene ring
vibration. Further analysis is needed to determine with certainty the precise origin of the
spectral feature at 3078 cm�1.

Raman spectra of the graphene sample(s), under similar heating/cooling cycles was also
performed simultaneously with exposure to gaseous (H2O, NO, SO2, NO2). This analysis
allowed us to search for any possible patterns in the response of the graphene as its tempera-
ture was increased before gas exposure. Each Raman spectral acquisition was analyzed with
regards to band frequency, band intensity, and peak width.

Plots of the Raman shift, light intensity, and peak width vs. temperature (in the range
30–150�C) were recorded before exposure and after being exposed to a specific gas. These
plots (Figures 14–17) were made for all four vapor and gases of interest (H2O, NO, SO2,
NO2).

The plots of the Raman shift, light intensity, and peak width over the temperature range 24.0–
150�C before and after being exposed to NO are shown in Figure 18 [16].

Figure 17. Raman spectra illustrating the sensing of SO2 gas on graphene as a function of temperature in the range 24.0–
137.0�C. [top to bottom: Sample at 24.3�C (pristine graphene before heating/pre-exposure), 149.0�C (after heating/pre-
exposure), 29.3�C (after cooling/pre-exposure), 27.7�C (last of gas exposure), 135.6�C (after heating/post-exposure), and
31.1�C (after cooling/post-exposure, respectively].

Figure 16. Raman spectra illustrating the sensing of NO2 gas on graphene as a function of temperature in the range 26.0–
150.0�C. [top to bottom: Sample at 26.2�C (pristine graphene before heating/pre-exposure), 151.2�C (after heating/pre-
exposure), 31.4�C (after cooling/pre-exposure), 28.9�C (last of gas exposure), 150.0�C (after heating/post-exposure), and
32.4�C (after cooling/post-exposure, respectively].

Raman Spectroscopy of Graphitic Nanomaterials
http://dx.doi.org/10.5772/intechopen.72769

173



used in estimating the number of layers of a graphene sample. Based on the analysis for this
study, the graphene sample(s) in this experiment proved to be largely single-layered. A third
band around 3078 cm�1 was also present among the Raman spectra collected. It was tracked

Figure 13. Raman spectrum of graphene at 30�C.

Figure 14. Raman spectra illustrating the sensing of water vapor and humidity effects on graphene as a function of
temperature in the range 24.0–150.0�C [top to bottom: Sample at 24.0�C (pristine graphene before heating/pre-exposure),
150.5�C (after heating/pre-exposure), 29.3�C (after cooling/pre-exposure), 26.4�C (last of gas exposure), 149.0�C (after
heating/post-exposure), and 28.5�C (after cooling/post-exposure, respectively].

Figure 15. Raman spectra illustrating the sensing of NO gas on graphene as a function of temperature in the range 24.0–
150.0�C. [top to bottom: Sample at 24.8�C (pristine graphene before heating/pre-exposure), 139.2�C (after heating/pre-
exposure), 27.7�C (after cooling/pre-exposure), 27.5�C (last of gas exposure), 146.2.0�C (after heating/post-exposure), and
28.9�C (after cooling/post-exposure, respectively].

Raman Spectroscopy172

and is probably due to the substrate or glass surface of the microscope stage. Another possi-
bility is that it is either an overtone Raman band of graphene or a C-H stretch benzene ring
vibration. Further analysis is needed to determine with certainty the precise origin of the
spectral feature at 3078 cm�1.

Raman spectra of the graphene sample(s), under similar heating/cooling cycles was also
performed simultaneously with exposure to gaseous (H2O, NO, SO2, NO2). This analysis
allowed us to search for any possible patterns in the response of the graphene as its tempera-
ture was increased before gas exposure. Each Raman spectral acquisition was analyzed with
regards to band frequency, band intensity, and peak width.

Plots of the Raman shift, light intensity, and peak width vs. temperature (in the range
30–150�C) were recorded before exposure and after being exposed to a specific gas. These
plots (Figures 14–17) were made for all four vapor and gases of interest (H2O, NO, SO2,
NO2).

The plots of the Raman shift, light intensity, and peak width over the temperature range 24.0–
150�C before and after being exposed to NO are shown in Figure 18 [16].

Figure 17. Raman spectra illustrating the sensing of SO2 gas on graphene as a function of temperature in the range 24.0–
137.0�C. [top to bottom: Sample at 24.3�C (pristine graphene before heating/pre-exposure), 149.0�C (after heating/pre-
exposure), 29.3�C (after cooling/pre-exposure), 27.7�C (last of gas exposure), 135.6�C (after heating/post-exposure), and
31.1�C (after cooling/post-exposure, respectively].

Figure 16. Raman spectra illustrating the sensing of NO2 gas on graphene as a function of temperature in the range 26.0–
150.0�C. [top to bottom: Sample at 26.2�C (pristine graphene before heating/pre-exposure), 151.2�C (after heating/pre-
exposure), 31.4�C (after cooling/pre-exposure), 28.9�C (last of gas exposure), 150.0�C (after heating/post-exposure), and
32.4�C (after cooling/post-exposure, respectively].

Raman Spectroscopy of Graphitic Nanomaterials
http://dx.doi.org/10.5772/intechopen.72769

173



7. Physical properties and Raman spectra of graphene Nanoplatelets

All of the graphene nanoplatelet samples investigated in the current study (functionalized
oxygen, nitrogen, argon, ammonia, carboxyl and fluorocarbon) have similar shapes (see
Table 2 and Figure 19) [17]. Graphene nanoplatelet aggregates (aggregates of sub-micron
platelets with diameters of <2 microns and a thickness of a few nanometers) were identified
and studied, rather than individual nanoplatelets (STREM Data Sheets) [18].

The electronic structure of graphitic nanocarbons is linked to its structure, and Raman spec-
troscopy is sensitive to this intimate and unique relationship, which makes it very effective at
studying the various functionalized graphene nanoplatelets used in this study. Akin to pristine

Functional species X average (μm) Y average (μm) Z average (μm)

Argon 4.8 3.9 0.50

Carboxyl 4.3 4.5 0.57

Oxygen 4.7 4.3 0.90

Ammonia 4.4 3.7 0.64

Fluorocarbon 5.0 3.6 0.55

Nitrogen 6.7 6.5 0.91

Table 2. Average x, y, z axis spatial measurements of functionalized graphene nanoplatelet aggregates.

Figure 18. Plots showing the change in Raman frequency shift, light intensity, and peak width, over a temperature range
(30–150�C), before and after being exposed to NO [16].
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graphene, the Raman spectra are characterized by the G and 2D bands. The D band present in
the spectra signaled some defects. The behavior of the sharp Lorentzian G-band, at 1587 cm�1,
can also be used to verify the sample layer thickness. An increase in the number of layers
lowers the frequency of this band, along with an increase in peak intensity. The 2D band,
however, depends on the band position and shape, exhibiting distinct band shape differences
with the numbers of layers present (AZO Materials) [20]. Figure 20 indicates identical position
and shape of G and 2D bands visible in the spectra of the CVD graphene and the func-
tionalized graphene nanoplatelet samples at room temperature (~25�C).

8. Conclusions and outlook

The thermal characteristics of a variety of graphitic nanomaterials (single-walled andmulti-walled
carbon nanotubes, graphene and functionalized graphene in the form of nanoplatelets) have been
investigated in the temperature range 24.0–200�C using Raman spectroscopy for enhanced
gas-sensing and optoelectronic applications. A Kataura plot analysis has been presented for the
Radial Breathing Mode vibrations of single-walled carbon nanotubes and possible chiralities
identified that pertain to metallic, semiconductor and type 2 semiconducting SWNTs. The effect

Figure 19. 3D view of SEM data of functionalized graphene nanoplatelet aggregates doped with argon (a), carboxyl (b),
oxygen (c), ammonia (d), fluorocarbon (e), and nitrogen (f) via Gwyddion software [19].

Figure 20. Offset Raman measurements of CVD graphene (a), functionalized graphene nanoplatelet aggregates doped
with ammonia (b), argon (c), carboxyl (d), fluorocarbon (e), nitrogen (f), and oxygen (g) at room temperature (~25�C)
displayed using the Renishaw’s WiRE software [21].
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of temperature on the Raman vibrational modes (RBM, G+ and G� bands) of SWNTs has been
investigated and the thermal expansion of the SWNT sample determined. A demonstrable corre-
lation between the slope of the variation of the G+ Raman band with laser power for varying
levels of SWNT purity has been obtained showing clearly that less pure samples exhibit a steeper
slope variation with enhanced laser power. We have also investigated in some detail the behavior
of Raman vibrational modes of graphene as a function of temperature in the range (24–150�C),
following exposure to a variety of toxic gases (NO, NO2 and SO2) at 500 ppm concentration in
nitrogen with an eye toward developing sensitive chemical and biological sensors that are effi-
cient, sensitive and portable.
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Abstract

The goal of this chapter is to provide a general introduction about graphene nanocom-
posites studied by Raman spectroscopy. The chapter will therefore begin with a brief 
description of the major Raman bands of carbon allotropes. In the following chapter a 
concise comparison between single walled carbon nanotubes (SWCNTs), multi-walled 
carbon nanotubes (MWCNTs), fullerenes and graphene is exposed. The characteristic 
features in Raman spectra of carbon allotropes, namely the intense signals D and G are 
investigated. In particular, the chapter will outline the Raman spectrum of graphene and 
different types of graphene oxide. The last part of the chapter is devoted to graphene 
nanocomposites.
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1. Introduction

As a nondestructive chemical analysis technique, Raman spectroscopy has become a power-
ful research tool providing detailed information about chemical structure and identity, phase 
and polymorphism, molecular interactions and crystallinity. Raman spectrum is a distinct 
chemical fingerprint for a particular molecule or material and it can be used to quickly iden-
tify the sample, or distinguish it from others. Therefore, Raman spectroscopy may be used in 
any application where nondestructive, microscopic chemical analysis or imaging is required. 
The use of Raman spectroscopy initially originating in physics and chemistry analysis has 
now spread to a variety of applications in materials science [1] or even in biology for ultrafast 
reveling of bacteria [2] and medicine [3].
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Recently, carbon materials have revolutionized the field of material science. In order to illus-
trate the importance of Raman spectroscopy in the field of carbon nanocomposites a short 
description of some representative carbon allotropes will be exposed. Due to its unique elec-
tronic structure, carbon is an element available in a variety of structural forms being able to 
form sp3, sp2 and sp hybridization networks more stable than any other element. Carbon 
nanomaterials offer a wide range of useful properties such as large specific area [4], excellent 
electrical conductivity [5], high Young’s modulus [6] and thermal conductivity [7]. Raman 
spectroscopy is an important tool for the characterization of carbon nanomaterials offering 
valuable information about the existence of structure defects or further functionalization.

Although carbon materials are all entirely made of C-C bonds, the orientation of these bonds 
is different for each type of carbon allotrope. All these materials are exclusively composed 
of pure carbon but are different structural forms and exhibit quite different physical proper-
ties and chemical behavior. Carbon exists in two allotropic forms: crystalline allotropes (dia-
mond, graphite, fullerene, carbon nanotubes) and amorphous allotropes (carbon black, coke, 
charcoal).

Diamond is the hardest material on earth and finds applications in cutting, drilling, and jew-
elry. In diamond structure each carbon atom undergoes sp3 hybridization and it is linked 
with four other carbon atoms in a tetrahedral structure. Diamond does not conduct electricity 
because it does not exhibit any delocalized electrons.

Graphite has a layered structure and all these layers are held by Van der Waals forces. In 
graphite structure each carbon atoms is sp2 hybridized and each layer is composed of hexago-
nal rings of carbon atoms.

Fullerenes are made by heating graphite in an electric arc in the presence of inert gas. These 
carbon allotropes are cage like structures, with all carbon atoms sp2 hybridized.

Carbon nanotubes (CNTs) exhibit the form of cylindrical carbon molecules and exhibit unique 
features that make them extremely useful in a plethora of applications especially in nanotech-
nology, electronics, optics and many other fields of materials science. A carbon nanotube can 
be defined as a tube-shaped material, entirely made from carbon, having the diameter mea-
suring on the nanometer scale. A carbon nanotube can be as thin as a few nanometers but as 
long as hundreds of microns [8]. CNTs are at least 100 times stronger than steel, but only one 
sixth as heavy, so nanotube fibers could strengthen almost any material [9]. Nanotubes may 
conduct heat and electricity better than copper. CNT are already incorporated in polymer 
composites to control or enhance conductivity. Carbon nanotubes may be classified as single-
wall (SWCNTs) or multi-wall nanotubes (MWCNTs). SWCNTs can be simply envisaged like 
a regular tube entirely made of carbon atoms. In contrast to single-wall carbon nanotubes, 
the MWCNTs are an assemblage of an outer and at least one inner carbon tube separated one 
from another by interatomic forces.

Graphene is a thin single layer of pure carbon. Graphene was firstly isolated in 2004 by 
two researchers from The University of Manchester using the “scotch-tape” technique [10]. 
Basically graphene consists in a monolayer of graphite. In more complex terms, graphene is a 
two dimension honeycomb single layer crystal lattice formed by the tightly packed sp2 bonded 
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carbon atoms [11]. Having excellent thermal, mechanical, electrical and barrier properties [12], 
graphene is recommended for many applications such as: electronics [13], antimicrobial mate-
rials [14], construction materials [15], battery [16] and supercapacitors etc. More details about 
graphene and other graphene derivatives will be exposed in section 2 of this chapter.

In order to differentiate these materials there is a strong demand for techniques that can be 
used to characterize them. As a remarkably sensitive technique, Raman spectroscopy suits 
perfectly on these demands, being highly responsive to symmetric covalent bonds with very 
little or no dipole moment. Raman spectroscopy is capable of discerning any slight changes 
in structure.

When monochromatic radiation is incident upon a carbon allotrope sample the light will 
interact with the sample in a specific way. Every bond in the Raman spectrum corresponds 
directly to a specific molecular bond vibration, including bonds such as C-C, C=C, C-H etc. As 
a chemical fingerprint of the material, the general spectrum profile (peak position and inten-
sity) provides unique information which can be used to identify the material and distinguish 
it from others.

When comparing the Raman spectra of two carbon allotropes – diamond and graphite – 
significant differences between these two materials can be noticed even if both are entirely 
made of C-C bonds (Figure 1). The Raman spectrum of pure diamond exhibits an extremely 
sharp signal at ~1332 cm−1. The Raman spectrum of graphite shows different features com-
pared to diamond. Two distinguishable peaks are revealed at ~1350 cm−1 (D band) and 
~1580 cm−1 (G band). The G band arises from the stretching of the C-C bond in graphitic 
materials and it is common to all sp2 carbon systems. The presence of an additional band in 
the graphite spectrum reveals that graphite is not as uniform in structure as diamond. The 
D-mode in graphite is induced by disorder or defects and increases linearly with decreasing 
graphite crystallite size (Figure 2).

Figure 1. Structure of the most representative carbon allotropes.
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More complex structures can be also investigated by Raman spectroscopy. Fullerenes have 
attracted much attention for their applications in non-linear optics [18] or biomedical devices 
[19]. C60 (also called Buckminster fullerene) and C70 have been investigated in a large num-
ber of experiments because of their potential applications fabrication of nanodevices such as 
field effect transistors and flat panel display devices based on field emission [20].

Figure 3 compares the Raman spectra of C60 and C70. The Raman spectrum of C60 exhibited 
strong signals at 1467 cm−1 and 1567 cm−1. This fact reveals that C60 is composed of sp2 bonded 
carbon and the sharpness of the signal shows that C60 exhibits a uniform structure. On the 
contrary, the Raman spectrum of C70 exhibits numerous other peaks. In case of C70 film, the 
main peaks are located at 1564 and 1228 cm−1 due to a reduction in molecular symmetry which 
results in more Raman bands. Their relative intensities strongly depend on the excitation laser 
wavelength.

Until 1980 only four carbon allotropes were known: graphite, amorphous carbon, fullerenes 
and diamond. Since their discovery in 1991 by Dr. Sumio Ijima, carbon nanotubes (CNTs) 
have gained tremendous attention as a versatile nanomaterial with abundant applications. 
Like previously mentioned, CNTs are carbon allotropes with a cylindrical nanostructure.

CNTs are essentially rolled up graphene sheets that have been sealed to form hollow tubes 
(Figure 1). Depending on the number of concentrically rolled-up graphene sheets, CNTs 
are classified to single-walled (SWCNT), double-walled (DWCNT), and multi-walled CNTs 
(MWCNT). The structure of SWNT can be imagined by wrapping a one-atom-thick layer of 
graphene into a seamless cylinder. DWCNT is considered as a special type of MWCNT wherein 
only two rolled up graphene sheets are present. MWCNT consists of two or more numbers of 
rolled-up concentric graphene sheets [22]. The diameter of SWCNT is generally up to 2 nm. In 
case of MWCNTs the diameter varies from 5 to 20 nm, seldom exceeding 100 nm [23].

Figure 2. The Raman spectra for a) natural diamond and c) synthesized diamond compared with b) Raman spectrum of 
graphite (Yao K et al. (2017) copyrights) [17].
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Having remarkable properties such as high electrical conductivity, very high tensile strength 
and low thermal expansion coefficient, CNTs have been investigated for many applications 
such as composite materials, microelectronics and electronic components, solar cells, energy 
storage devices [24] etc. In addition, their one-dimensional structure makes them an ideal 
platform for biomedical applications. Due to their important applications a significant num-
ber of methods to produce CNTs were developed: arc discharge method [25], laser method 
[26], chemical vapor deposition (CVD) [27], ball milling [28], etc. Final properties of CNTs are 
dependent on the production and purification methods.

In Figure 4 a comparison of Raman spectra of graphite, SWCNTS and MWCNTs is depicted. 
The stretching of the C-C bond in graphitic materials gives rise to the so-called G-band Raman 
feature which is common to all sp2 carbon systems. This spectral feature is similar for graphite 
and nanotubes but is not used for distinguishing one carbon nanostructure from another. The 
G-band is highly sensitive to strain effects in sp2 carbon materials and can be used to investigate 
any modification to the structure of graphene, such as the strain induced by external forces in 
multiwall nanotubes, or even by the curvature of the side wall when growing a SWCNT [29]. 
A prominent G band can be noticed in the graphite Raman spectrum at ~1580 cm−1. As one can 
see the G band is present also in the SWCNT and MWCNT spectra but with different width. 
The G-band of investigated SWCNTs splits in two band components because of large diameter 
nanotubes and it can be used to distinguish metallic and semiconducting nanotubes.

Another important band in the Raman spectra of the investigated nanotubes at ~1350 cm−1 
was observed known as the D band. The D band is caused by disordered structure of gra-
phene sheets. The presence of disorder in sp2-hybridized carbon systems results in resonance 
Raman spectra as one can see in the Raman spectrum of CNTs making Raman spectroscopy 
one of the most sensitive techniques to characterize disorder in sp2 carbon materials. In case 
of CNTs the D band is significantly increased compared to graphite. The increase of the ratio 

Figure 3. Raman spectra for C60 and C70 films. The insets show the molecular structures for C60 and C70 (Zhang X et al. 
(2016) copyrights) [21].

Graphene Nanocomposites Studied by Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.73487

183



More complex structures can be also investigated by Raman spectroscopy. Fullerenes have 
attracted much attention for their applications in non-linear optics [18] or biomedical devices 
[19]. C60 (also called Buckminster fullerene) and C70 have been investigated in a large num-
ber of experiments because of their potential applications fabrication of nanodevices such as 
field effect transistors and flat panel display devices based on field emission [20].

Figure 3 compares the Raman spectra of C60 and C70. The Raman spectrum of C60 exhibited 
strong signals at 1467 cm−1 and 1567 cm−1. This fact reveals that C60 is composed of sp2 bonded 
carbon and the sharpness of the signal shows that C60 exhibits a uniform structure. On the 
contrary, the Raman spectrum of C70 exhibits numerous other peaks. In case of C70 film, the 
main peaks are located at 1564 and 1228 cm−1 due to a reduction in molecular symmetry which 
results in more Raman bands. Their relative intensities strongly depend on the excitation laser 
wavelength.

Until 1980 only four carbon allotropes were known: graphite, amorphous carbon, fullerenes 
and diamond. Since their discovery in 1991 by Dr. Sumio Ijima, carbon nanotubes (CNTs) 
have gained tremendous attention as a versatile nanomaterial with abundant applications. 
Like previously mentioned, CNTs are carbon allotropes with a cylindrical nanostructure.

CNTs are essentially rolled up graphene sheets that have been sealed to form hollow tubes 
(Figure 1). Depending on the number of concentrically rolled-up graphene sheets, CNTs 
are classified to single-walled (SWCNT), double-walled (DWCNT), and multi-walled CNTs 
(MWCNT). The structure of SWNT can be imagined by wrapping a one-atom-thick layer of 
graphene into a seamless cylinder. DWCNT is considered as a special type of MWCNT wherein 
only two rolled up graphene sheets are present. MWCNT consists of two or more numbers of 
rolled-up concentric graphene sheets [22]. The diameter of SWCNT is generally up to 2 nm. In 
case of MWCNTs the diameter varies from 5 to 20 nm, seldom exceeding 100 nm [23].

Figure 2. The Raman spectra for a) natural diamond and c) synthesized diamond compared with b) Raman spectrum of 
graphite (Yao K et al. (2017) copyrights) [17].

Raman Spectroscopy182

Having remarkable properties such as high electrical conductivity, very high tensile strength 
and low thermal expansion coefficient, CNTs have been investigated for many applications 
such as composite materials, microelectronics and electronic components, solar cells, energy 
storage devices [24] etc. In addition, their one-dimensional structure makes them an ideal 
platform for biomedical applications. Due to their important applications a significant num-
ber of methods to produce CNTs were developed: arc discharge method [25], laser method 
[26], chemical vapor deposition (CVD) [27], ball milling [28], etc. Final properties of CNTs are 
dependent on the production and purification methods.

In Figure 4 a comparison of Raman spectra of graphite, SWCNTS and MWCNTs is depicted. 
The stretching of the C-C bond in graphitic materials gives rise to the so-called G-band Raman 
feature which is common to all sp2 carbon systems. This spectral feature is similar for graphite 
and nanotubes but is not used for distinguishing one carbon nanostructure from another. The 
G-band is highly sensitive to strain effects in sp2 carbon materials and can be used to investigate 
any modification to the structure of graphene, such as the strain induced by external forces in 
multiwall nanotubes, or even by the curvature of the side wall when growing a SWCNT [29]. 
A prominent G band can be noticed in the graphite Raman spectrum at ~1580 cm−1. As one can 
see the G band is present also in the SWCNT and MWCNT spectra but with different width. 
The G-band of investigated SWCNTs splits in two band components because of large diameter 
nanotubes and it can be used to distinguish metallic and semiconducting nanotubes.

Another important band in the Raman spectra of the investigated nanotubes at ~1350 cm−1 
was observed known as the D band. The D band is caused by disordered structure of gra-
phene sheets. The presence of disorder in sp2-hybridized carbon systems results in resonance 
Raman spectra as one can see in the Raman spectrum of CNTs making Raman spectroscopy 
one of the most sensitive techniques to characterize disorder in sp2 carbon materials. In case 
of CNTs the D band is significantly increased compared to graphite. The increase of the ratio 

Figure 3. Raman spectra for C60 and C70 films. The insets show the molecular structures for C60 and C70 (Zhang X et al. 
(2016) copyrights) [21].

Graphene Nanocomposites Studied by Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.73487

183



between the intensity of D band and the intensity of G band (Id/Ic) indicates that some dis-
order of the graphene sheets is induced. As previously mentioned graphite consists of stacks 
of planar sheets of graphene and carbon nanotubes are basically rolled-up graphene sheets. 
Therefore the presence of the 2D band (also named G` band) is observed in all spectra of the 
investigated samples which features the arrangement and the number of graphene layers 
[30]. The importance of the 2D band of graphene will be better explained in section 2 of this 
chapter. The radial breathing mode (RBM) is particularly important for the determination of 
the diameter of CNT, its frequency being related to the aggregation state of SWCNTs. The 
RBM band is unique to SWNCTs and corresponds to the expansion and contraction of the 
nanotubes. Comparing the Raman spectrum of MWCNTs to that of SWCNTs some important 
differences can be easily noticed: the absence of RBM mode in MWCNTs spectrum and much 
sharper D peak in MWNCTs. The RBM band is not present in case of MWNCTs due to the 
outer tubes that restrict the breathing mode. The presence of a more outlined D band in case 
of MWCNTs is observed because of the multilayer configuration of nanotubes suggesting a 
more disordered structure. In addition, a sharper D+G combination peak strongly supports 
the presence of higher disorder in the MWCNTs, compared to SWCNTs.

2. Graphene and graphene oxide

Even if for several decades the isolation of single layer graphite seemed to be impossible two 
researchers from Manchester University successfully managed in 2004 to isolate monolayer 
graphite. The “scotch-tape” technique reported by Geim and Novoselov consisted in obtaining  

Figure 4. The Raman spectra of a) graphite, b) single wall carbon nanotubes (SWCNTs) and c) multiwall carbon 
nanotubes (MWCNTs).
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single layer of graphene on a silicon oxide substrate by peeling the graphite by microme-
chanical cleavage [10]. In 2010 the two researchers won the Nobel Prize in Physics for their 
pioneering study [31]. Several methods have been established for graphene production, such 
as micromechanical or chemical exfoliation of graphite [32], graphitization of silicon carbide 
[33], chemical vapor deposition (CVD) growth [34], and chemical, thermal or electrochemical 
reduction of graphene oxide [35].

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms that are densely 
packed in a honeycomb crystal lattice [36]. Due to its 2D nature graphene exhibit a unique 
combination of characteristics not seen in other carbon allotropes. Graphene is the thinnest, 
strongest and stiffest material [37]. Graphene has extraordinary electrical properties due to the 
high electron mobility at room temperature [38]. In terms of mechanical properties graphene 
exhibit greater performances when single or few layer graphene are employed. Therefore, the 
superior mechanical properties of graphene and its derivatives make them the ideal candi-
dates for incorporation into a large variety of materials in order to produce composites with 
enhanced properties.

Graphene also exhibits other high characteristics such as large specific surface are, high trans-
parency and high thermal conductivity. Because of its high surface area graphene also finds 
potential applications as support material in catalysis field as an electrode material in electro-
chemical applications such as supercapacitors and batteries [39].

Due to these extraordinary properties, graphene found already a great number of important 
applications with potential used in touch screens displays, fuel cells, intelligent coatings, trans-
parent conductive films and flexible electronics [40]. In addition, once functionalized with bio-
molecules like polysaccharides [41], proteins [42], etc. or other biological systems graphene 
can be integrated for developing new applications in biomedicine and bio- nanotechnology 
such as biosensors [43], biocatalysis [44], biofuel cells [45], etc.

It is worth noting that the electronic properties of graphene drastically depend on the number 
of graphene layers. For that reason, the graphene community distinguishes between mono-
layer graphene, bilayer or few-layer graphene. A structure composed of more than 10 gra-
phene layers exhibits the electronic properties of graphite and therefore is considered as a 
thin film of graphite. Being transparent as well as a good conductor, graphene may replace 
the electrodes in the indium used in touchscreens [46].

In order to integrate graphene into various functional structures or other materials for mak-
ing performant nanodevices one preliminary condition is required: graphene sheets have to 
be exfoliated into individual or few-layer sheets and stabilized. Also, unwanted by-products 
and structural damage can be produced while synthesizing graphene. A quick and precise 
method for determining the number of layers of graphene sheets is essential for speeding 
up the research and exploration of graphene. In sp2-bonded carbon species, as a highly 
sensitive and non-destructive technique, Raman spectroscopy can be used to investigate 
the number of layers, the type and relative quantity of defects, mechanical strain, and any 
further functionalization. Therefore Raman spectroscopy is one of the most powerful tools 
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In specific case of graphene, Raman spectroscopy can evaluate not only the number of gra-
phene layers, but also can provide a quick and non-destructive means to distinguish mono-
layer, bilayer and few layer graphene. The most prominent Raman features of graphene are 
the so-called G band and 2D as easily seen in Figure 5, which depicts a typical Raman spec-
trum for graphite and graphene respectively obtained using a 514 nm excitation laser.

Graphite consists of sp2 bonded planar graphene sheets stacked through Van der Waals inter-
molecular forces. When comparing the Raman spectra of graphite and graphene one can 
observe a tremendous similarity. The reason for that is the fact that graphite consists in mul-
tiple stacked graphene layers. As in the case of graphite, the G mode from graphene occurs 
around 1580 cm−1 and the 2D signal is situated around 2700 cm−1. Two further signals can be 
noticed: the D band that is observed at ~1350 cm−1 and 2D` band at ~3250 cm−1.

In terms of vibrational behavior, the G band originates from in-plane stretching vibrations of 
sp2 carbon atoms in both rings and chains. Even at low intensity the D mode can be observed 
in the Raman spectrum of graphene which occurs due to the breathing modes of sp2 carbon 
atoms rings. Generally the D mode is associated with the presence of graphene structural 
defects. When the D band is higher it means that the sp2 bonds are broken and new sp3 bonds 
are created. Consequently the increase of the ratio between the intensity of D band and the 
intensity of G band (Id/Ic) demonstrates that new defects are created during the modification 
of pristine graphene.

The D mode is almost absent in well-ordered structure of graphene and graphite. Despite the 
similarities, there are some significant differences as one can notice in Figure 5. In case of pure 
graphene the 2D band situated at ~2700 cm−1 is much sharper. The 2D band originates from a 
two-phonon double resonance process and it is interrelated to the band structure of graphene 
layers. Figure 5(b) indicates a significant change in the shape and intensity of the 2D band 
of graphene compared to graphite. It can be easily observed that in case of graphene the 2D 
peak is much narrower and its position is down-shifted. Another difference is observed in the 

Figure 5. (a) The Raman spectra of graphene and graphite measured at 514.5 nm. (b) 2D peaks in graphene and graphite 
(Ferrari A (2007) copyrights).
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Raman spectrum of graphite in which the 2D band is formed from two elements, namely 2D1 
and 2D2 [45], which are roughly ¼ and ½ of the height of the G peak, respectively. Graphene 
exhibits a single sharp 2D signal, approximately four times more intense than G band [47]. 
When more graphene layers are present, the 2D peak is shifted to higher frequencies due to 
the interactions between the graphene layers.

Many studies showed that Raman spectroscopy can be used as an indicator for single or 
multi-layer graphene [48]. As one can see the 2D peak evolves as the number of graphene 
layers increases to about ten layers upon its profile resembles with that of graphite. As the 
number of graphene layers increases an important reduction of the relatively intensity for the 
2D1 mode is noticed. Therefore graphene stacks that have more than five layers are more dif-
ficult to discriminate from graphite by Raman spectroscopy (Figure 6).

It is worth pointing out that this technique for identifying the number of graphene sheets 
is precisely established only for graphene with AB Bernal stacking [49]. Graphene samples 
that exhibit AB Bernal stacking features are graphene layers where half of their atoms lie 
directly over the center of a hexagon in the lower graphene sheet, and half of the atoms lie 
over an atom. Bernal stacked bilayer graphene exhibit much interest for functional electronic 
and photonic devices due to the feasibility to continuously tune its band gap with a vertical 
electrical field [50]. Such type of samples are obtained from highly oriented pyrolytic graphite 
(HOPG) produced by mechanical exfoliation. Also chemical vapor deposition (CVD) or ther-
mal deposition of SiC can be used to synthetize bilayer graphene but these procedures do not 
lead to homogeneously AB stacking layers.

Since the graphene flakes have small dimensions it is important to select a Raman instrument 
with high microscopy performances. Consequently for more accurate results most Raman 
measurements are performed using an optical microscope which allows a better localization 

Figure 6. (a) and (b) The evolution of G band by increasing the number of layers, (c) and (d) The evolution of the 2D 
band by increasing the number of graphene layers using 514 and 633 nm excitation laser (Ferrari A (2007) copyrights).
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of the graphene layers. Raman microscopy couples a Raman spectrometer to a standard opti-
cal microscope, allowing high magnification visualization of graphene and Raman analysis 
with a microscopic laser spot.

However, the addition of a microscope to a Raman spectrometer does not provide full 3D spa-
tial resolution. More recently, confocal Raman microscopy (CRM) was used in order to investi-
gate graphene layers [51]. As the name suggests confocal Raman microscopy refers to the ability 
to spatially filter the analysis volume of the sample, in the XY (lateral) and Z (depth) axes. A 
confocal microscope practically designs clear images of a sample by removing most of the light 
from the investigated sample [52]. Apart from allowing better observation of fine details of the 
sample CRM gives rich information concerning the distribution of individual chemical com-
ponents, and variation in other effects such as phase, polymorphism, stress/strain, and crystal-
linity. Based on thousands of Raman spectra acquired from different positions on the sample 
Raman spectral mapping can be created generating detailed chemical images.

Moreover, the substrate on which the graphene samples are deposited and the Raman equip-
ment performances has a significant role for graphene investigation. Monolayer graphene 
can be observed on many types of substrates like sapphire, single crystal quartz, glass, metal 
alloys like NiFe, or polymers like polytetrafluoroethylene (PTFE), but the most popular sub-
strate surface used to discriminate the monolayer graphene is the silicon wafer with a silicon 
dioxide layer (SiO2/Si). The Si/SiO2 substrate usually with 300 nm thickness was reported in 
many studies as the most appropriate for visual detection of single layer graphene (SLG) [53]. 
Additionally, it is important to study the interaction between monolayer graphene and the 
substrate because possible interaction may appear due to defects or surface changes between 
the two interfaces. In case of monolayer graphene obtained by epitaxial growth from SiC 
substrates a strong interaction between graphene and SiC substrate appears by strong blue-
shifting the G and 2D signals (~11 cm−1 and ~34 cm−1, respectively) due to covalent bonding 
of the two interfaces [54]. On the other hand, the interactions between graphene produced 
by micro-cleaving and standard SiO2/Si substrate do not influence the physical structure of 
graphene because only weak Van der Waals forces could appear [55].

It was found that the Raman spectrum depends not only on the substrate, but also on the wave-
length of the excitation laser. Regarding the laser excitation energy for graphene investigation 
usually the visible lights laser are employed (from 633 to 473 nm). The near infrared (NIR) or 
ultraviolet (UV) sources are not frequently used. When analyzing graphene layers placed on 
silicon wafers with silicon dioxide (SiO2/Si) strong fluorescence signals are observed using a 
NIR laser (780 or 785 nm). Also, graphene layers are difficult to investigate using a UV excitation 
laser (from 244 to 364 nm) due to the fact that the obtained Raman spectrum exhibits differences 
concerning relative intensities of the characteristic graphene signals. Not least the selection of 
the excitation source is important. In order to avoid sample damaging usually powers between 
0.04 to 4 mW are employed. At higher laser power it was observed that the laser may burn the 
graphene sample leading to graphitization and therefore to spectral variations. Also, if lower 
laser power is used the ratio between the Raman signal and noise is very poor [56].

Graphene oxide (GO) is another graphene material that can be intense characterized by Raman 
spectroscopy. By chemical oxidation of graphite in the presence of strong oxidizing agents 
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and ultrasonic cleavage graphite oxide is obtained, at the end presenting on its surface a 
significant number of functional groups such as hydroxyl, carboxyl and epoxy [57]. The intro-
duction of oxygenated functionalities not only expands the layer separation, but also makes 
the material hydrophilic and relatively easy to disperse in aqueous media or other polar sol-
vents [58]. This property enables graphite oxide to exfoliate in hydrophilic medium under 
sonication and finally to produce single or few layer graphene oxide (GO). Consequently the 
main difference between graphite oxide and graphene oxide is the number of layers.

In the last decade GO attracted the researchers attention due to its many important properties 
which can be used to tailor novel applications. Graphene oxide sheets exhibit high design flex-
ibility. GO is decorated with a significant number of carboxyl groups (-COOH) and most of 
them are located at the GO edges. These carboxyl groups are extremely useful as they can eas-
ily react for attachment of various functionalities. Thus, reactions may be established with (a) 
amines and various organic molecules or polymers which exhibit in their composition amino 
groups, by forming an amide linkage, (b) alcohols, phenols or epoxy groups to form ester bond, 
(c) various other organic reactive macromolecules, resulting in the functionalization of GO.

Functionalization of GO can fundamentally change graphene oxide’s properties and conse-
quently, graphene oxide’s applications. Graphene oxide flakes can be used to remove radioac-
tive ions from water for disposal [59]. Also, graphene oxide can be used to develop sensors that 
can detect tumorous cells by attaching to GO surfaces molecules that contain antibodies that 
are further linked to the cancer cells. The cancer cells are then tagged with fluorescent mol-
ecules to make the cancer cells stand out in a microscope [60]. Withal graphene oxide is used to 
obtain anodes for rechargeable lithium-ion batteries. The graphene oxide is thermally treated 
in order to extract the oxygen form the film and driven to cause pores in the film which are 
rapidly filled with lithium ions, resulting in quicker charge-discharge process for batteries [61].

With respect to electrical conductivity, graphene oxide behaves as an electrical insulator, 
because of the disruption of its sp2 bonding networks. It is important to reduce the graphene 
oxide so as to restore the honeycomb hexagonal lattice of graphene, in order to recover elec-
trical conductivity. The product of this reduction reaction has been named in different ways, 
including: reduced graphene oxide (rGO), chemically-reduced graphene oxide (CRGO), and 
graphene. For the purposes of clarity, we will refer to the product as reduced graphene oxide 
(rGO). Chemical reduction of graphene oxide is mostly employed in the presence of hydra-
zine (N2H4) where the majority of the oxidized groups of GO are reduced. But the use of 
anhydrous N2H4 demands a dry environment which creates difficulties for the large-scale 
production. Usually chemical reduction agents are classified as toxic or corrosive. The electro-
chemical method to reduce graphene oxide in order to produce large rGO films is a greener, 
safer and more convenient procedure for reducing graphene oxide films. Also the thermal 
expansion of graphite oxide can be used for exfoliating graphite layers and finally to produce 
functionalized graphene sheets. Temperatures around 550°C or higher can break the Van der 
Waals forces that stack the graphene layers together and exfoliation occurs. After the reduc-
tion of graphene oxide defect sites within the lattice are produced which provide new routes 
for chemical functionalization. Chemical modification of the graphene oxide by functional-
ization with different other molecules or polymers opens new routes for the incorporation of  
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graphene in other matrices and surfaces to enhance its applicability, that which would other-
wise be more difficult using pristine graphene.

Being a derivative of graphene, the graphene oxide structure and functionalized graphene oxide 
can be also successfully characterized by Raman spectroscopy. For this study different struc-
tures of commercial graphene oxide (Figure 7) were investigated using a Raman spectrometer 
equipped with confocal microscope.

Figure 8. Raman spectra of various graphene oxides.

Figure 7. Chemical structures of graphene oxide investigated by Raman spectroscopy.
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In the Raman spectra of the studied graphene oxide structures one can observe that the G 
band is much broader than in case of graphene and also blue-shifted to ~1590 cm−1 (Figure 8). 
The D band from graphene oxide Raman spectra is also modified exhibiting a much higher 
intensity due to the disorder in the sp2 structure induced after the oxidation of graphite and 
also due to the attachment of hydroxyl and epoxide groups on the planar carbon structure. 
Depending on the functionalization degree of graphene oxide, the Raman spectrum may 
exhibit sometimes even stronger D band than G band. Regarding the 2D band its intensity is 
very small compared to the D and G peaks, but may be enhanced by reducing the number of 
graphene oxide layers. The D+G combination peak is also observed which strongly supports 
the presence of a higher disorder structure for graphene oxide.

3. Raman investigation of graphene and graphene oxide 
nanocomposites

Polymeric composites are biphasic materials consisting essentially of a continuous phase, 
commonly referred to as polymer matrix, and a reinforcing or filler agent, which is the dis-
crete phase. The purpose of this association is to obtain materials with enhanced properties, 
superior to those of individual components, capable of replacing natural materials (wood, 
rocks, etc.), aluminum and its alloys, and other metallic materials. Polymeric composites are 
obtained from a wide range of matrices (epoxy resins, polyester resins, phenol-formaldehyde 
resins, vinyl polymers, elastomers, polyimides, etc.) with reinforcing materials (boron fibers, 
glass fibers, or filler materials (wood flour, starch, silica, talc, asbestos, etc.).

Nanocomposites represent a new class of composites, characterized by the coexistence of two 
distinct phases (an organic one which is the polymer as the continuous phase and an inor-
ganic phase dispersed in the continuous phase, the latter exhibiting nanometric dimensions). 
The advantages of these structures consist in global properties superior to the individual 
components such as improved optical clarity, high mechanical resistance, better conductivity, 
leading to important uses in electronics, optics, constructions, etc. In order to obtain nano-
composites, two important aspects should be considered: firtsly, the nanoparticle must be 
compatible with the polymer and to show satisfactory interfacial interaction; secondly, the 
most convenient way to uniformly disperse the nanoparticles in the polymer matrix should 
be chosen. In most cases polymeric nanomaterials exhibit multifunctionality by combining 
more than one properties.

When the polymer is unable to intercalate between the graphene layers, a phase separation 
(two distinct phases) is obtained, the properties of which resemble the microcompounds. In 
addition to this class, two other types of composites can be prepared: intercalated structures 
where most of the time a single polymer chain is interposed between layers of graphene, 
resulting in a multilayered structure in which the polymer-graphene layers alternate and 
exfoliated structures in which the graphene layers are completely dispersed in the continuous 
polymer matrix (Figure 9).
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equipped with confocal microscope.

Figure 8. Raman spectra of various graphene oxides.

Figure 7. Chemical structures of graphene oxide investigated by Raman spectroscopy.
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In the Raman spectra of the studied graphene oxide structures one can observe that the G 
band is much broader than in case of graphene and also blue-shifted to ~1590 cm−1 (Figure 8). 
The D band from graphene oxide Raman spectra is also modified exhibiting a much higher 
intensity due to the disorder in the sp2 structure induced after the oxidation of graphite and 
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exfoliated structures in which the graphene layers are completely dispersed in the continuous 
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Graphene Nanocomposites Studied by Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.73487

191



Graphene nanosheets–polystyrene nanocomposites (GNS-PS) were prepared by in situ emul-
sion polymerization and reduction of graphene oxide using hydrazine hydrate [62]. The 
nanocomposites displayed high electrical conductivity, and a considerable increase in glass-
transition temperature and good thermal stability of PS are also achieved. Raman spectros-
copy was employed as an efficient tool to probe the structural characteristics and properties 
of graphene and graphene-based materials.

Figure 10 shows a schematic diagram for the formation of the GNS-PS nanocomposites. 
TEM images revealed polystyrene microspheres with diameters ranging from 90 to 150 nm 
attached to the graphene surface, particularly along the edges of the stacked nanosheets with 
a thickness of several nm. This suggests that the compatibility between PS microspheres and 
GNS is sufficient to obtain nanosized dispersion without an additional surface treatment.

Regarding the Raman spectrum of GNS, two intense features are assigned to the D band at 
1331 cm−1 and the G band at 1594 cm−1. The G peak was assigned to vibrations of sp2 carbon 
atoms. The peak intensity ratio Id/Ig of GNS nanocomposites was calculated as 1.156. This 
fact demonstrated the presence of localized sp3 defects within the sp2 carbon network, which 
shows the chemical grafting of polymers to the GNS surface.

The prominent D peak revealed some structural defects are created during the reduction 
process of the oxidized functional groups, while GNS synthesized through the exfoliation 
method is considered a more effective route for graphene sheets production. The G band from 
the GNS Raman spectrum was noticed at 1594 cm−1 and upshifted by 5 cm−1 in the composites 
of GNS–PS. By combining the XRD and Raman spectroscopy, Hu and co-workers proved that 
the substantial structure of the GNS has been maintained after PS microspheres were linked 
to the edges of the stacked graphene nanoplatelets, which is advantageous for improving the 
electrical and thermal properties of polymer.

Interest in graphene oxide has increased significantly due to its epoxy, hydroxyl, carbonyl 
and carboxyl functional groups, allowing its functionalization and the formation of various 
monomers on its surface. Dispersibility of graphene oxide in water and other solvents makes 

Figure 9. Schematic structure of graphene – based polymer composites.
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it more attractive compared to graphene for the manufacture of electronic components or in 
use for nanocomposites synthesis. Polymer reinforced with graphene oxide has been reported 
in the literature [62].

Recently, graphene oxide with numerous carboxylic groups (GO-COOH) was modified 
with benzoxazine rings in order to produce exfoliated graphene oxide – polybenzoxazine 
[63]. The carboxylic groups from GO surface were treated with tyramine (TYR) in order 
to synthesize a lot of phenolic groups using the activation of the carboxylic groups from 
GO surface by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-Hydroxysuccinimide 
system (EDC/NHS) and the chlorination method employing SOCl2 respectively. GO-TYR 
previously obtained further reacted with benzylamine and formaldehyde in order to form 
the benzoxazine rings. Finally a nano structure with strong covalent bonds between the 
graphene sheets and the polybenzoxazine chains was achieved (GO-Bz). The study dem-
onstrated that GO-COOH is a good candidate for the preparation of benzoxazine-based 
nanocomposites due to the abundance of oxidized functional groups on its surface. Raman 
spectroscopy was successfully employed to demonstrate the efoliation of the graphene 
sheets through the polybenzoxazine matrix.

Figure 10. a) Synthesis of GNS-PS nanocomposites; (b) TEM image of CNS-PS nanocomposites; (c) Raman spectra of the 
pristine GNS and GNS-PS nanocomposites (Hu H et al. (2010) copyrights).
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In the Raman spectra for the raw material (GO-COOH), GO-TYR and final monomers GO-Bz 
obtained by both methods, the characteristics of the graphene structure are noticed, namely 
the intense signals D and G, which proves the presence of the graphene structure in the final 
compound (Figure 11). At the same time, it is worth mentioning the appearance of the 2D band 
that characterizes the arrangement and the number of graphene plans. Graphene, the two- 
dimensional form of graphite, consisting of sp2 hybridized carbon atoms has attracted the atten-
tion of researchers in recent years due to its excellent thermal, mechanical, electrical and barrier. 
All these excellent properties have been shown to the monolayer graphene, the increase of the 
number of layers leading to the decrease of its properties. For this reason graphene structure 
has been extensively studied. Raman spectroscopy allows the investigation and determination 
of the number of layers of the graphene, this information being extracted from the 2D spectrum 
band. Thus, for products obtained by the EDC/NHS method, the band is wider even in the final 
benzoxazine product, indicating aggregation in the form of multiple layers of the graphene 
plans, provided that a part of the benzoxazine monomer did not polymerize and therefore, 
there was no driving force needed to move the graphene aggregates into independent layers.

Figure 11. Raman spectra of GO-COOH, GO-TYR, GO-Bz obtained by: a) EDC/NHS activation method; b) chlorination 
with SOCl2 (Biru I et al. (2016) copyrights).
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In the case of thionyl chloride products, the 2D band is sharper, which proves that most of the 
graphene aggregates have disintegrated due to the polymerization of the benzoxazine rings, 
which has led to the cancellation of the attractions between the graphene plans.

The benzoxazine polymerization may take place either between the rings of the same GO 
layer (“in-graphene” polymerization) or between the rings of two neighbors of GO layers 
(“outgraphene” polymerization). The final balance between these two types of structure will 
give the ratio between intercalated and exfoliated structures. Consequently the “in-graphene” 
polymerization will lead to more exfoliated structures of GO-Bz (Figure 12).

4. Conclusions and outlook

Raman spectroscopy is a powerful instrument for investigating carbon nanomaterials. As a 
highly sensitive technique Raman spectroscopy is recommended for detection of small changes 
in structural morphology of various carbon nanomaterials playing an important role as a direct 
or complementary tool in any laboratory working with carbon allotropes. Raman spectrum 
shows specific signals for each carbon allotrope when the monochromatic radiation interacts 
with the sample. Diamond and graphite exhibit significant differences in the Raman spectrum 
even if both are entirely made of C-C bonds. The Raman spectrum of pure diamond exhibits an 
extremely sharp signal at ~1332 cm−1 which arises from the stretching of the C-C bond. Instead, in 
the Raman spectrum of graphite two distinguishable peaks are revealed at ~1350 cm−1 (D band) 
and ~1580 cm−1 (G band) revealing that the graphite is not as uniform in structure as diamond.

Also more complex structures can be investigated by Raman spectroscopy. The Raman spectrum 
of C60 fullerene exhibits strong signals at 1467 cm−1  and 1567 cm−1 revealing that C60 is composed  

Figure 12. The nanostructure synthesized by polymerization of benzoxazine - functionalized graphene oxide (Biru I 
et al. (2016) copyrights).
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of sp2 bonded carbon. The sharpness of the signal shows that C60 exhibits a uniform structure. 
On the contrary, the Raman spectrum of C70 exhibits numerous other peaks. In case of C70 
sample, the main peaks are located at 1564 cm−1and 1228 cm−1 due to a reduction in molecular 
symmetry which results in more Raman bands.

With this technique it is easily possible to distinguish graphite from diamond, SWCNTs from 
MWCNTs or graphene form bulk graphite. The stretching of the C-C bond in graphitic mate-
rials gives rise to the G-band Raman feature which is common to all sp2 carbon systems. The 
G-band of SWCNTs splits in two band components because of large diameter nanotubes and 
it can be used to distinguish metallic and semiconducting nanotubes. In case of CNTs the D 
band is significantly increased compared to graphite indicating that some disorder of the 
graphene sheets is induced. The radial breathing mode (RBM) is particularly important for 
the determination of the diameter of CNT, its frequency being related to the aggregation state 
of SWCNTs. The RBM band is unique to SWNCTs and corresponds to the expansion and 
contraction of the nanotubes.

Raman spectroscopy could be even used to discriminate single layer graphene from mul-
tilayer graphene and to determine number of graphene sheets. In case of pure graphene a 
sharper 2D band situated at ~2700 cm−1 is observed. The 2D band originates from a two-
phonon double resonance process and it is interrelated to the band structure of graphene lay-
ers. The 2D peak evolves as the number of graphene layers increases to about ten layers upon 
its profile resembles with that of graphite. Moreover, as a non-destructive characterization 
technique Raman spectroscopy is frequently used to investigate graphene nanocomposites in 
order to prove successfully graphene functionalization.
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Abstract

Carbon nanotubes (CNTs) and graphene are at the center of a significant research effort 
due to their unique physical and chemical properties, which promise high technological 
impact. For the future development of all the foreseen applications, it is of particular 
interest the study of binding interactions between carbon nanostructures and functional 
groups. An appropriate method is the surface-enhanced Raman spectroscopy (SERS), 
which provides a large amplification of Raman signals when the probed molecule is 
adsorbed on a nanosized metallic surface. In this chapter, we present a review of princi-
pal results obtained applying SERS for the characterization of pristine and functionalized 
CNTs and graphene. The obtained results encourage us to consider SERS as a power-
ful method to obtain a rapid monitor of the procedures used to interface graphene and 
nanotubes.
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the ability to engineer the electrical, optical, sensing, and dispersion properties of graphene 
and CNTs by chemical functionalization is widening considerably their potential applications 
generating a vast and yet largely unexplored family of carbon nanostructures for the realiza-
tion of devices with novel functionalities. This task is highly challenging and the achievement 
of a procedure that enables a high density of functional groups, with little or no damage to the 
carbon structure, is of prime importance as the development of a nondestructive technique 
that can fully characterize the structure of functionalized graphene and CNTs.

Since long time, Raman spectroscopy has been considered as one of the most powerful 
tool for the characterization of carbon-based materials (see Section 2); however, Raman 
features associated with functional groups are usually often not observed in the Raman 
spectra of nanotubes and graphene due to the small quantity of the molecules attached to 
the carbon lattice.

In our studies, we have used the surface-enhanced Raman spectroscopy (SERS), which pro-
vides a large amplification of Raman signal when the probed molecule is adsorbed on nano-
sized metallic surface [4, 5]. Since the SERS effect increases by decreasing the distance between 
the nanostructure and the adsorbed molecule, by depositing CNTs/graphene as dilute disper-
sions on SERS active substrates, the Raman signal from the molecular groups deriving from 
functionalization/synthesis process and bound to the carbon surface, can be amplified. As a 
consequence, the spectral features of functional groups, otherwise very difficult to see, were 
recorded in the SERS spectra.

Here, we present a review of principal results obtained by applying SERS for the charac-
terization of pristine and functionalized graphene and multiwalled nanotubes (MWNTs). 
The obtained results encourage us to consider SERS as a powerful method to obtain a rapid 
monitor of the procedures used to interface graphene and nanotubes with functionalizing 
groups.

2. Raman spectroscopy

In Figure 1, the Raman spectra of graphite (HOPG, Cree Corporation, USA), multilayer gra-
phene, single-walled carbon nanotubes (SWNTs), double-walled nanotubes (DWNTs), and 
MWNTs in the range 100–2100 cm−1 are reported. All the samples that we used were com-
mercially available.

The pristine SWNTs, DWNTs, and MWNTs were grown by catalytic carbon vapor deposition 
process, with the following characteristic: SWNTs (Nanointegris, USA, selected semiconduc-
tor) average diameter: 1.2–1.7 nm, length: 300 nm to 5 μm; DWCNTs (Nanocyl, Belgium) 
average outer diameter of 3.5 nm, length between 1 and 10 μm, and specific surface area of 
500 m2/g; MWNTs (Nanocyl, Belgium) average diameter: 9.5 nm, average length: 1.5 μm. We 
used graphene powders with particles consisting of aggregates of platelets with diameter of 
about 2 μm, thickness less than 5 nm, and average surface area 750 m2/g (grade C particles, 
XG Sciences Inc., USA).

Raman Spectroscopy204

The Raman spectrum of graphite and its derivatives has two main peaks assigned to the first 
order D (1320 cm−1) and G modes (1580 cm−1) [6–12]. Second-order Raman spectra of carbon-based 
materials, and particularly of graphene, are dominated by 2D (G′) band at ~2700 cm−1, caused by 
the existence of double electron-phonon resonance mechanism, thus making it possible to study 
the structure of electron bands from the analysis of resonance Raman spectra. The band has a 
double peak in graphite and a single peak in graphene. Both the intensity ratio I2D/IG and the shape 
analysis of 2D peak have been used to distinguish mono from bi or multilayer graphene [12, 13].

The D mode (A1g symmetry) can be described as an in-plane breathing vibration of aromatic 
ring in which the six atoms move away from the center of the Brillouin zone. This band is for-
bidden in perfect graphitic lattice and it becomes active in the presence of disorder and devia-
tions from an ideal structure. The G mode (E2g symmetry) is due to the in-plane stretching 
vibration of carbon atoms pairs in which each atom moves vibrating tangentially against the 
other. This mode is always allowed and it is characteristic not only of graphitic rings but also 
of all the sp2 structures. The ratio of D and G band intensities provides a way to estimate the 
amount of defects in graphitic structure, being inversely proportional to the size of ordered 
sp2 domain size through the relation: L = (2.4 × 10−10)·λL

4·(ID/IG)−1, where λL is the wavelength of 
laser that excites the Raman spectra [9, 11, 12].

The Raman spectra of SWNTs display peculiar features as the radial breathing mode (RBM), 
and the double peak splitting of the G band. The frequency ω of RBMs is inversely propor-
tional to the value of tube diameter d following the Bandow relation: [13, 14]

  ω = α / d  (1)

where the parameter α is experimentally determined.

Figure 1. Raman spectra of different carbon forms: graphite, graphene, SWNTs, DWNTs, and MWNTs. The spectra were 
excited at 785 nm.
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The optical transitions of SWNTs can be identified as inter-band transitions between the Van 
Hove singularities in the 1D electronic density of states (DOS) [14, 15]. The singularities are 
spikes in the DOS, which occur at specific energies, depending on the nanotube diameter and 
chirality. From band structure calculations, approximate relations were deduced between the 
energy E of inter-band transitions between DOS singularities and the nanotube diameter, sug-
gesting that the optical absorption peaks should move to higher energy at decreasing nano-
tube diameter. As the nanotube diameter increases, the singularities move closer together, 
whereas for small diameter nanotubes, the “spikes” in the DOS are well-separated, especially 
near the Fermi energy and can provide initial or final states or both for a highly resonant 
Raman scattering process. The energy of these optical transitions are in the visible range, near 
to the wavelength of the most commonly used laser for excite Raman scattering. When the 
laser energy matches the energy difference between spikes for a particular nanotube diam-
eter, the corresponding RBM will dominate the Raman trace. Therefore, the Raman scattering 
in small diameter SWNTs is diameter selective as direct consequence of the 1D electronic 
quantum-confinement in small diameter SWNTs.

The nanotube curvature results in different force constants for atomic displacements along the 
nanotube axis compared to those in the circumferential direction, causing the separation of 
G peak in two components, G+ and G− [13–17]. Differently, in the Raman spectra of MWNTs, 
which can be considered as an ensemble of concentric SWNTs with increasing diameters, 
the G peak splitting is both small and smeared out, leading to a broad G band line shape. 
The higher energy mode that appears as a shoulder in MWNT Raman trace is the D′ band, 
which is due to the same tangential vibrations of the G mode, but involving external layers 
that are not sandwiched between two other layers. As the D band, D′ is a double resonance 
Raman mode, induced by disorder and/or defects on the side walls of CNTs or ion intercala-
tion between graphitic sheets. Indeed, this band is not observed in graphite, but it has a high 
intensity in intercalated graphite compounds [18].

As it will be discussed in Section 6, since less information is available on the structure of func-
tional groups attached to the tube walls or basal plane of graphene, in our studies, we have 
used the SERS technique to record the Raman signal of functional groups and prove experi-
mentally their linkage to the CNT walls.

3. Surface-enhanced Raman spectroscopy

The surface-enhanced Raman scattering (SERS), discovered three decades ago, is used to 
provide a drastic amplification of the Raman signal [4, 5]. The Raman signal amplification 
is observed when the molecule to be studied is adsorbed on a nanostructured metallic sur-
face and the frequency of incident radiation overlaps the resonant frequency of conduction 
electrons in the metals. In this case, the incident electric field produces collective oscillations 
of metal electrons, which in turn generate a large electromagnetic field. This field is superim-
posed to the incoming field giving rise to its enhancement. Theoretical studies demonstrate 
that the induced field is particularly intense near sharp tips, interstitial crevices, and more gen-
erally, in between adjacent metal nanostructure if the distance is of few nanometers [4, 5, 19].

Raman Spectroscopy206

However, the electromagnetic mechanism does not explain why the enhancement factor of 
a surface depends on the chemical nature of the adsorbed molecule [19, 20], therefore, it was 
hypothesized that an additional enhancement is provided by an increase of molecule polariz-
ability due to a deformation of the distribution of the electron cloud or to the formation of 
resonant charge transfer complex between the metal and the adsorbed molecule.

We can then summarize the SERS process steps, depicted in Figure 2: (1) the incident laser 
impinges on nanostructured metallic surface, (2) plasmons excitation with electric field ampli-
fication, (3) Raman scattered light emission, and (4) Raman scattered light transferred back to 
plasmons and scattered in air. The surface enhancement effect is so pronounced because the 
Raman signal enhancement occurs twice.

4. SERS substrates

To be used in a sensor system, a SERS substrate should enhance the Raman effect sufficiently 
to enable consistent and uniform chemical detection sensitivity across the surface, maintain-
ing its properties as long as possible in the time and to provide a high number of sites for 
molecular adsorption.

In principle, all systems possessing free carriers show the surface enhancement effect. 
However, the plasmon properties—such a wavelength and width of its resonance—depend 
on the nature of the metal surface and on its geometry and affect the enhancement factor 
(EF) of the surface [4, 5, 19]. The width of plasmon resonance resulted to be: w = γ(εb + 3), 
where γ is the electron scattering rate and εb is the contribution to the inter-band transitions 
to the dielectric constant. Smaller conductivity and a large number of inter-band transitions 
in the region of plasmon resonance give resonance peak with large width and hence smaller 
amplification of electric field [19]. To this respect, the coin metals (Ag, Au, and Cu) resulted 
to be the most appropriate to be used for SERS with their amplification factors much larger 
than unity. Differently, the enhancement factor of good conductors as Al, Pt, and In is larger 
but not much larger than unity and is only slightly greater than unity for most other metals. 
The other advantage of using coin metals is that their plasmon resonance wavelength is in the 
visible–near infrared.

Early SERS experiments used gold colloids in solution. Nowadays, by exploiting semiconduc-
tor lithographic fabrication technology, periodic patterns on Si surface can be reproducibly 
fabricated over large areas. Ordered geometry provides uniform SERS signals from anywhere 
on the active surface, avoiding that only small uncontrolled areas of the total metal surface 

Figure 2. Scheme of SERS process steps.
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have the correct geometry for surface enhancement, as occurred by using substrates with ran-
dom nanosized roughening or nanoparticle separation and sharp metallic features, produced 
with the previous techniques. Usually, the SERS substrates are gold coated because, although 
the gold has a smaller EF than silver, it is more resistant against oxidation in air.

We used three variations of SERS active gold substrates: an ordered array of inverted square-
based pyramids, (KlariteTM, D3 Technologies Ltd3), an electrochemically nano-roughened 
surface (Nanova), and an array of nanopillars, 50–80 nm in width, 600 nm in height, fabri-
cated by the Department of Micro and Nanotechnology of the University of Denmark [21–23].

We measured the EFs of all the above cited substrates by measuring the Raman signal of the 
same molecule, in this way only electromagnetic enhancement due to the geometry of the used 
structure was considered, avoiding the effect of chemical enhancement [20, 24]. The obtained 
results are reported in Table 1. The regularity of nanostructure guaranteed a uniform enhance-
ment factor across the surface and a high reproducibility of Raman signal in spite of the dif-
ferences among the EFs.

5. Sample preparation

As discussed in the previous paragraph, the field enhancement strongly decreases with the 
distance from the metallic surface, as consequence delivering the substance under study in 
close proximity of the metal surface is a prerequisite for measuring SERS signals. Therefore, 
the samples were analyzed as evaporated films prepared by dropping on the SERS active sur-
face a controlled volume of a solution of CNTs or graphene in ultra-pure water (1 mg/mL). The 
solvent spreads across the surface selectively evaporates leaving a dried film, which is clearly 
visible under the optical microscope coupled with the spectrometer (see Figure 3).

In our procedure, the substrates were used as-received without any pre-treatment and the 
solvent evaporated in air without any heating.

We examined the dried film morphology under high-resolution scanning electron micro-
scope (HR-SEM), using a Leo 1525 hot cathode field emission microscope, with a resolution 
of 1.5 nm at 20 kV.

The SERS activity depends either from the substrate morphology either from the number of 
sites in the surface that are accessible to the molecular adsorption. In fact, the SERS signal from 
molecules on the second monolayer and beyond is reduced because the SERS effect depends 
on the distance between the nanostructure and adsorbed molecule, as shown in Figure 4. 

Substrate EF

KlariteTM 1.1 × 106

Nanova 8.0 × 105

Technical University of Denmark 8.0 × 108

Table 1. Enhancement factors of gold coated substrates with different geometry.
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When the number of analyte molecules is too large, a sample layer is formed covering the 
molecules with surface-enhanced Raman signal. To this respect, it is of prime importance that 
the substrate geometry provides enhancement region accessible for molecular adsorption.

Figure 3. (a) Sequential steps of the drop and dry technique for films deposition and (b) top view of dried film.

Figure 4. Variation in the intensity of surface-enhanced Raman signal with the amount of analyte mass probed by the 
laser.
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molecules with surface-enhanced Raman signal. To this respect, it is of prime importance that 
the substrate geometry provides enhancement region accessible for molecular adsorption.

Figure 3. (a) Sequential steps of the drop and dry technique for films deposition and (b) top view of dried film.

Figure 4. Variation in the intensity of surface-enhanced Raman signal with the amount of analyte mass probed by the 
laser.
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6. Raman spectrometers

In the first steps of our works, we acquired SERS and Raman spectra using a Raman spec-
trometer BwTek (i-Raman 785.), equipped with a micro-positioning system for fine xyz 
adjustments and a video camera for sampling viewing. The system uses an air-cooled charge 
coupled device (CCD) detector. The 785 nm laser light, to guarantee the coupling with gold 
plasmons, was focused onto the sample using a 20× objective (corresponding to a laser beam 
diameter of 90 μm, as already mentioned). Samples were moved into position using the xyz 
translational stage. The Raman spectra were acquired in the wavelength range 789–1048 nm 
corresponding to Raman shifts of 75–3200 cm−1 (resolution better than 3 cm−1).

Raman mapping was performed with a high-resolution micro-Raman spectrometer (Horiba 
Xplora) with 785 nm excitation wavelength. The Raman signal was collected through a 100× 
objective in the range 100–2000 cm−1 with accumulation time of 10 s per spectrum. Areas of 
the substrates up to 10 × 10 μm were scanned with an acquisition grid of 0.6 and 0.8 μm 
step size in x and y, respectively. All the spectra were obtained with 100 μW laser power, 
to avoid sample heating and damaging. The SERS maps were obtained analyzing the peak 
intensity of every spectrum. Raman spectra were also acquired with 532 nm excitation (range 
400–3000 cm−1, acquisition time 10 s).

7. Results and discussion

Controlled volumes of pristine MWNT solutions were dropped on SERS active substrates, the 
SERS spectra acquired in different spatial positions, maintaining all the experimental param-
eters unchanged are reported in Figure 5.

The SERS trace (a) has no significant differences in comparison of that reported in Figure 1, if 
one excepts the amplification of the signal whereas curves (b) and (c) show variations in some 
Raman line intensities, line shape and appearance of several sharp peaks, in the frequency 
range 400–1100 cm−1, characteristics of C60-like molecules [25].

We observed a gradual increase of the D band, which indicates an enhanced degree of disor-
der, with a concomitant modification of the G band profile, consisting in a peak splitting due 
to the increase of D’ band at its high energy side. The peak at about 250 cm−1 in the SERS curves 
(b) and (c) is similar to that at 171 cm−1 in Raman spectrum of SWNTs, reported in Figure 1.

The RBMs are not often observed in MWNTs, its observation in SERS trace is consistent 
with the fact that for a molecule adsorbed on a nano-structured surface, the modes which 
involve atoms vibrating perpendicularly to the surface are more enhanced than the others 
[26]. However, the observed RBM width (45 cm−1) is larger than that measured in the SWNT 
Raman spectra [16, 17].

This finding can be explained considering that in a MWNT also the radial vibrations of outer 
shells contribute to this mode, producing a number of overlapping RBM peaks larger than 
those expected for SWNTs with the same distribution of diameter [18].

Raman Spectroscopy210

The diameter of SWNTs can be calculated from the frequency of corresponding RBM, through 
the Bandow relation [13–15]. Since the RBM intensity strongly decreases when the tube diameter  

Figure 5. SERS spectra of pristine MWNT dried film. The MWNT layer thickness is decreasing from spectrum (a) to (c).

Figure 6. (a) HR-SEM image of pristine MWNT film deposited on SERS substrate. (b) Magnified view of region with 
larger thickness layer (c) Magnified view of region with thinner layer. The leaning effect of nanopillars is evidenced.
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The diameter of SWNTs can be calculated from the frequency of corresponding RBM, through 
the Bandow relation [13–15]. Since the RBM intensity strongly decreases when the tube diameter  
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larger thickness layer (c) Magnified view of region with thinner layer. The leaning effect of nanopillars is evidenced.
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increases, we can roughly estimate the inner diameter of MWNTs from their RBMs in the 
SERS spectra by using the same rule. The RBM at 250 cm−1 corresponds to an inner tube diam-
eter of 0.8 nm. These values are compatible with those reported in the data sheet of MWNTs 
from the manufacturer.

Figure 6 presents a HRSEM view, taken at different magnification of pristine MWNT films. 
The MWNTs are tightly interlaced forming a web of filaments that are distributed across the 
SERS active surface, occupying the regions with highest Raman signal amplification as the space 
between the nano-pillars. However, the layer thickness is not uniform across the deposited patch 
and this is reflected in the observed differences between the SERS spectra reported in Figure 5.

In fact, these variations can be interpreted by considering the breaking of the nanotubes into 
species such as amorphous carbon, tubular fragments, and closed shell fullerenes. Such reac-
tions are of chemical nature occurring at the nanotube metal substrate interface.

Figure 7 illustrates the comparison between the Raman spectra of pristine and covalently 
functionalized MWNTs. The carboxyl functionalization was performed by a reflux in sulfu-
ric/nitric acid (Nanolab, average diameter = 30 nm, length 1–5 μm, from now on denoted as 
COOH-MWNTs). This process leads to the concentration of COOH groups on the nanotube 
surface. By reacting the carboxylate CNTs with ethylene diamine, nanotubes with amide link-
age and a primary amine group at the end of carbon chain are obtained (Nanolab, average 
diameter = 15 nm, length 1–5 μm, from now on denoted as NH2-MWNTs). However, in the 
Raman spectra of covalently functionalized vibrational modes that can be directly related to 
molecular groups are not observed.

Figure 7. Raman spectra of MWNT mat. (a) Raman spectrum acquired from pristine MWNT film, ID/IG = 0.8; (b) 
Raman spectrum acquired from COOH-functionalized MWNTs, ID/IG = 1.2; (c) Raman spectrum acquired from NH2-
functionalized MWNTs, ID/IG = 1.4.

Raman Spectroscopy212

As a consequence, the use of Raman spectroscopy to study the structure of functionalized 
CNTs is routinely limited to the evaluation of the ID/IG ratio, since the interaction between 
carbon nanotube wall and functional groups is expected to produce a higher density of sp3 
hybridized carbon sites, with consequent increase of ID/IG ratio [27–29].

However, when a set of spectra is recorded from the same pristine CNTs sample, we fre-
quently observed a variation in the ID/IG ratio, up to the 15% of its average value, which is 
sometimes apparently of the same order as that recorded after the chemical functionalization. 
Although a more efficient discrimination can be reached by applying the principal compo-
nent analysis [30], the observation of Raman spectral changes induced by the chemical func-
tionalization is challenging.

In Figure 8 are illustrated the different morphologies of functionalized MWNT-dried films. 
Due to the small outer diameter, the NH2-MWNTs are tightly interlaced forming a dense web 
of filaments. Differently, the drying of COOH-MWNT solution forms a very thin layer with 
some groups of few isolated nano-tubes.

We acquired the SERS spectra from functionalized MWNT films in different spatial posi-
tions, maintaining all the experimental parameters unchanged obtaining reproducible spectra, 
shown in Figure 9.

In addition to the signal enhancement, compared to conventional Raman spectra, the SERS 
traces show sharp peaks in wavenumber region ascribable to vibrations of molecular groups; 

Figure 8. HR-SEM images of (a) COOH-MWNT and (b) NH2-MWNT films deposited on SERS substrate; (c) magnified 
view of region (a); (d) magnified view of region (b) evidencing the formation of a dense layer.
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Figure 9. SERS spectra of pristine (a), COOH-MWNTs (b), and NH2-MWNTs (c).

namely the C─O─C stretching (shoulder at around 1260 cm−1), CH3 deformation (1320 cm−1), 
C─N stretching (1240 cm−1, 1460 cm−1), and C═O stretching at 1730 cm−1 [31, 32]. The presence 
of these bands proves experimentally the linkage of desired molecular groups to the nanotube 
walls. It is worth to note that the C═O stretching appears in both covalently functionalized 
samples owing to the functionalization procedure, which introduces the linkage of amides 
after that of carboxylate.

In the SERS spectrum of COOH-MWNTs, the D′ band is not distinguishable as shoulder next 
to the G band, indicating that this sample has a lower amount of defects, as expected for car-
bon nanotubes with large diameter, which exhibit reduced tip curvature and in turn fewer 

Raman Spectroscopy214

structural defects. It is worth to note that because there is no shift between SERS bands and 
the corresponding ones in the Raman spectrum, the interaction between MWNTs and the 
active surface is physical.

We can note also that in the SERS spectra of functionalized MWNTs, shoulders of G band at 
1510 and 1544 cm−1 are clearly distinguishable. Although in the SERS trace of NH2-MWNTs, 
the presence of the latter peak could be ascribed to the combination of N-H bend and C-N 
stretch, since these bands appear in both functionalized samples, they were assigned to disor-
dered carbon with sp3 bonds. In fact, the peak at 1510 cm−1 was observed in carbon with sixfold 
rings and rings with other orders, whereas the higher frequency peak, was often recorded in 
amorphous hydrogenated carbon, due to the C─C bond strain caused by the formation of 
C─H covalent bonds [6, 7, 9, 11, 33].

Surprisingly, also in the SERS spectra of pristine graphene, we recorded a large number of 
sharp peaks belonging to molecular group vibrations, as illustrated in Figure 10: namely 
C─C═O bending (520–570 cm−1), C─O─C deformation, (850 cm−1), O─H (900–960 cm−1) and 
CH2 (1040 cm−1) bending, and C─C(O)─C stretching 1180–1270 cm−1) [31, 34].

Functional groups as ethers, carbonyls, carboxyls, and hydroxyls are likely retained in the 
graphene structure, as a consequence of chemical exfoliation process and the presence of 
oxygen and hydrogen atoms in few at percentage was confirmed by XPS measurements of 
manufacturer [35].

We can also note that close to the G band are present the peaks of disordered carbon already 
observed in functionalized MWNTs. The presence of disordered carbon peaks in the SERS 

Figure 10. SERS spectra of pristine graphene. The spectra (a), (b), and (c) were acquired at different scanning positions 
across the dried film.
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spectra of graphene and functionalized MWNTs is a further proof of evidence of the forma-
tion of tetrahedrally coordinated bonds between carbon atoms and molecular groups.

We acquired SERS spectra for each point of a selected area of pristine graphene films with a 
high-resolution micro-Raman spectrometer (Horiba Xplora) (see Figure 11). The areas were 
scanned with an acquisition grid of 0.6 and 0.8 μm in x and y, respectively. We selected the 
wavenumber region 500–1280 cm−1 to represent the functional groups concentration and we 
constructed the SERS images, illustrated in Figure 11(b) and (d), plotting the intensity of the 
peaks located in this region.

Optical images show significant variation in the dried film thickness along the scanned 
area, due to a poor dispersibility of pristine graphene in the distilled water. However, the 
SERS signal is always detectable with good spectral reproducibility and an intensity vari-
ation much smaller than that expected, considering that the SERS signal from the second 
monolayer and beyond is strongly reduced. This finding further confirms that the functional 
groups are distributed at the edges of graphene structure: the larger thickness and hence the 
weaker enhancement experienced by the molecular groups, can be compensated by a higher 
concentration.

Figure 11. (a) Image of pristine graphene dried film, acquired with the optical microscope coupled with the Raman 
spectrometer; the green rectangle indicates the region selected to acquire the map (b). (c) and (d) represent the same 
for another region of the substrate. The visualization of Raman maps is obtained by using as contrast parameters the 
intensity of functional group peaks.
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8. Conclusions and outlook

In summary, we performed SERS measurements on graphene pristine and functionalized 
MWNTS and graphene nano-structured film deposited on gold-coated Si nano-pillar sub-
strates. The strong surface enhancement effect allowed us to record the Raman signal from 
functional molecules that are not recorded in conventional Raman spectra proving experi-
mentally their linkages to the CNT walls and graphene edges. By using the relative intensities 
of specific SERS features as contrast parameters to obtain SERS maps, it is possible to study 
the distribution of functional groups across the scanned area.

The obtained results encourage us to consider SERS as a powerful method to obtain a rapid 
monitor either of the procedures used to interface graphene and nanotubes with functional-
izing groups either of synthesis process of graphene as chemical exfoliation.
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Abstract

ZnFe2O4 ferrite nanoparticles are arousing a great interest in the biomedical field, thanks 
to their superparamagnetic behavior at room temperature. Functional properties depend 
on composition, size, nanoparticle architecture and, in turn, on the synthesis methods. 
Bulk ZnFe2O4 has the normal spinel structure (all Zn2+ ions in tetrahedral and all Fe3+ ions 
in octahedral positions), but at the nanometric size inversion takes place with a cationic 
mixing on divalent and trivalent sites. The sensitivity of the Raman probe to cation dis-
order favored the appearance of several works on a rich variety of nanosized zinc fer-
rites. An overview on these results is reported and discussed at variance with synthesis 
methods, grain dimensions, and dopants. We add to this landscape our results from new 
nanosized powder samples made by microwave-assisted combustion, with different dop-
ants (Ca, Sr on Zn site and Al, Gd on Fe site). A detailed analysis of A1g, Eg, 3F2g Raman 
modes has been performed and Raman band parameters have been derived from best-
fitting procedures and carefully compared to literature data. The vibrational results are 
discussed taking into account the characterization from X-ray powder diffraction raction, 
SEM-EDS probe, EPR spectroscopy and, of course, the magnetic responses.

Keywords: zinc ferrites, nanostructures, Raman spectroscopy, cation disorder

1. Introduction

Zinc ferrite is a very popular material widely used at the nanometric size in different applicative 
fields [1–4]. ZnFe2O4 (ZFO) has a spinel structure and similarly to the whole ensemble of materi-
als with the general formula MFe2O4 displays unique physical and chemical  properties. In par-
ticular, zinc ferrite exhibits a peculiar mixing of high-quality functional properties. Indeed its 
magnetic, thermal, electrical, and mechanical properties coupled to a high chemical stability 
allowed its usage in magnetic storage, ferrofluids, catalysis, and biomedical applications, as for 
instance, theranostics and hyperthermia.
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The spinel ferrite system can be written as (Me1−xFex)2+[MexFe2−x]3+O4 and contains two Fe3+ 
cations and a single divalent cation. The round and square brackets denote sites of tetrahedral 
(A) and octahedral [B] coordination, respectively, while x represents the degree of inversion 
defined as the fraction of the (A) sites occupied by Fe3+. A completely inverse spinel is deter-
mined when the trivalent cations are equally distributed on tetrahedral and octahedral sites, 
while the divalent cations fill up the remaining half of the octahedral positions.

A very important characteristic of the spinel system is that it admits an extremely large variety 
of total solid solutions. The divalent cations are usually Zn2+, Ni2+, Mn2+, Ba2+, Cu2+, but partial 
substitutions of divalent or trivalent Fe ions are possible, preserving the spinel crystal struc-
ture. When zinc enters to form bulk zinc ferrite the system assumes a normal spinel structure 
AB2O4: the oxygen atoms are arranged a network of close-packed face-centered cubic units; 
the divalent Zn cations (A) occupy tetrahedral sites and trivalent Fe cations (B) octahedral 
sites. Spinel unit cell is composed of 8 units builders. In the full unit cell, there are 8 Me+2, 16 
Fe+3 cations, and 32 anions oxide O−2 [1–4]. In Figure 1, a scheme of the direct spinel structure 
is reported.

The magnetic behavior of bulk ferrite system is strongly influenced by the nature, type, amount, 
and distribution of cations. Let us consider a deeply studied system, the mixed Zn-Ni ferrites 
(Zn1−xNixFe2O4, with 0 ≤ x ≤ 1). The end compositions are zinc ferrite, ZnFe2O4 (for x = 0), i.e., a 
direct spinel, and nickel ferrite, NiFe2O4 (x = 1), an inverse spinel. In direct spinel ZnFe2O4, the 
behavior is antiferromagnetic with a Néel temperature about 9 K, while for nickel ferrite is ferri-
magnetic with a Curie point about T = 860 K [5]. The possibility to control the chemical compo-
sition allows to finely tailor the magnetic features. These different behaviors can be understood 
looking at the magnetic interactions between B and A sites surrounding an oxygen [5].

In spinel ferrites, there are two sublattices: the tetrahedral one with one cation per formula 
and the octahedral one with two cations per formula. The magnetic behavior is determined 
by superexchange interactions between two transition cations separated by an oxygen. The 
A-O-B interactions have an axial symmetry, and thus are highly more efficient than the B-O-B 

Figure 1. The direct spinel-type structure; the red circles represent oxygen ions while the ochre and cyan solids represent 
tetrahedral and octahedral units containing at the center Zn and Fe cations, respectively.
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interactions, characterized by a 90° angle. As a result, both spins on B sites are antiparallel to 
the A spin. The magnetic response of spinel is thus determined by the cations distribution 
on A and B sites. In inverse NiFe2O4, B sites are occupied by both Ni2+ and Fe3+ ions and the 
remnant Fe3+ is placed on the A site. The magnetic moment of Fe3+ on A site cancels with the 
magnetic moment of Fe3+ on B site, and the resulting magnetic moment is the spin value for 
nickel Ni2+ (2.3 Bohr magnetons). This is a strong interaction with a resulting high-tempera-
ture Curie transition. In the case of zinc ferrite, iron ions occupy the B sites and zinc is located 
on the A site. Since Zn2+ is a 3d10 ion, it has no magnetic moment, and the only interaction is 
B-O-B, leading to an antiparallel arrangement of spins. The spins are identical, and the mate-
rial becomes antiferromagnetic. The low Néel temperature clearly illustrates the weakness of 
this superexchange interaction, as compared with A-O-B of the nickel ferrite case [5].

The behavior of bulk spinel-type ferrites change markedly moving to the nanoscale regime. 
In particular, the insurgence of a superparamagnetic (SPM) behavior at room temperature 
(RT) has been observed [6]. In systems that are ferro- and ferrimagnetic in bulk, SPM state can 
appear when the grain size is reduced to 50 nm or less. In SPM phase, the thermal energy kBT is 
greater than the magnetic anisotropy energy, and therefore random fluctuations of the magne-
tization are possible. The magnetization of a SPM material, above the so-called blocking tem-
perature (TB), is equal to zero in the absence of an external field, and it rapidly increases under 
application of an external field. This fact implies a closed sigmoidal shape of the M-H curve 
without appreciable hysteresis. Experimentally, the value of TB typically corresponds to the 
“merging point” of the zero-field cooled (ZFC) and field-cooled (FC) magnetization curves [5].

SPM is not the only magnetic phenomenon caused by the finite size effect of nanoparticles. 
The reduction in size and the increase of the surface/volume ratio can, for example, produce 
randomly oriented uncompensated surface spins, canted spins, and magnetically dead layer 
at the surface [7].

Anyways, superparamagnetism is especially important in applications such as drug delivery 
or MRI, where the nanoparticles exhibit no magnetic properties upon removal of the external 
field and therefore have no attraction for each other, eliminating the major driving force for 
aggregation. More importantly, superparamagnetic nanoparticles allow better control over 
the application of their magnetic properties because they provide a strong response to an 
external magnetic field.

For biomedical application, it is thus essential to finely control the functional parameters: satura-
tion magnetization (Ms), coercivity (Hc), and blocking temperature (TB). This control can be made 
by tailoring the material properties in terms of size, shape, composition (substitutions, doping, 
cation distribution in the crystal structure), and shell-core design, with possible different chemi-
cal and physical structures of internal-core and surface-shell parts of the nanoparticle [7].

A large number of synthesis methods were reported, including conventional ceramic solid state 
synthesis, high-energy ball milling, microwave-assisted combustion, sol-gel, hydrothermal,  
co-precipitation, ultrasonic cavitation, and thermal plasma, with the peculiar aim to tune elec-
tric, catalytic, and magnetic properties, these last ones particularly appealing for biomedical 
application [8]. In the following, the most widespread synthesis methods for ferrites will be 
briefly described.
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interactions, characterized by a 90° angle. As a result, both spins on B sites are antiparallel to 
the A spin. The magnetic response of spinel is thus determined by the cations distribution 
on A and B sites. In inverse NiFe2O4, B sites are occupied by both Ni2+ and Fe3+ ions and the 
remnant Fe3+ is placed on the A site. The magnetic moment of Fe3+ on A site cancels with the 
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nickel Ni2+ (2.3 Bohr magnetons). This is a strong interaction with a resulting high-tempera-
ture Curie transition. In the case of zinc ferrite, iron ions occupy the B sites and zinc is located 
on the A site. Since Zn2+ is a 3d10 ion, it has no magnetic moment, and the only interaction is 
B-O-B, leading to an antiparallel arrangement of spins. The spins are identical, and the mate-
rial becomes antiferromagnetic. The low Néel temperature clearly illustrates the weakness of 
this superexchange interaction, as compared with A-O-B of the nickel ferrite case [5].

The behavior of bulk spinel-type ferrites change markedly moving to the nanoscale regime. 
In particular, the insurgence of a superparamagnetic (SPM) behavior at room temperature 
(RT) has been observed [6]. In systems that are ferro- and ferrimagnetic in bulk, SPM state can 
appear when the grain size is reduced to 50 nm or less. In SPM phase, the thermal energy kBT is 
greater than the magnetic anisotropy energy, and therefore random fluctuations of the magne-
tization are possible. The magnetization of a SPM material, above the so-called blocking tem-
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application of an external field. This fact implies a closed sigmoidal shape of the M-H curve 
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field and therefore have no attraction for each other, eliminating the major driving force for 
aggregation. More importantly, superparamagnetic nanoparticles allow better control over 
the application of their magnetic properties because they provide a strong response to an 
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For biomedical application, it is thus essential to finely control the functional parameters: satura-
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A large number of synthesis methods were reported, including conventional ceramic solid state 
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tric, catalytic, and magnetic properties, these last ones particularly appealing for biomedical 
application [8]. In the following, the most widespread synthesis methods for ferrites will be 
briefly described.
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1.1. Conventional ceramic method

The conventional solid-state reaction, starting from metal oxides or carbonates, is the oldest 
method for the synthesis of ceramics, since it is economic, efficient, and easily scalable. In fact, 
despite of some disadvantages, such as particle agglomeration and growth, it is still regularly 
used to synthesize novel materials for the first time, also for the widespread diffusion of the 
necessary equipment in academic laboratories.

1.2. High energy ball milling

The use of mechanical milling in the preparation of inorganic materials (ceramics, metals, and 
alloys) has a long tradition. It is a cheap and relatively rapid method that, in some cases, guar-
antees the formation of the desired compounds without the need of other thermal treatment. 
The tuning of ferrites nanoparticles could be obtained by changing milling container, speed, 
time, ball-to-powder weight ratio, extent of filling the vial, milling atmosphere, presence of a 
process control agent, temperature of milling, etc. [9].

1.3. Microwave combustion method

This method is actually one of the most diffused due to its numerous advantages: is a wet 
chemical technique, enables fast reaction rate, chemical homogeneity, and high reactivity due 
to the uniform heating produced by microwaves. Some drawbacks are represented by the diffi-
culty to vary the spherical form of particles and to control the valence states of the elements [10].

1.4. Sol-gel method

The sol-gel technique is a wet low-temperature method that provides products with a perfect 
chemical composition and takes advantages over the others, owing to good stoichiometric 
control and homogeneity, short preparation time and inexpensive precursors. Furthermore, 
it provides nanoparticles with controlled sizes and defined morphology. Generally, for the 
production of multicomponent oxides, alkoxides (substituted in some cases by acetates) are 
put together in alcohol. In the sol-gel method water, alcohol, pH, concentration of alkoxides, 
and controlled temperature are required for proper hydrolysis [11].

1.5. Hydrothermal method

The hydrothermal route is a convenient wet way to produce well crystalline materials, with par-
ticles with suitably tuned size and shape. The main advantage of hydrothermal synthesis over 
conventional wet-chemistry methods is that it occurs under non-standard conditions, and that 
non-classical crystallization pathways can be explored. Many factors can be  varied such as tem-
perature, reagents ratio, solvents, and kind of salts to customize the ferrite nanoparticles [12].

1.6. Co-precipitation method

This method is probably the most favorable to produce nanoparticles, as well as simple and 
very productive. A high homogeneity and uniformity can be easily obtained at moderate 
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experimental conditions. In these last years, this kind of synthesis has been mainly used to 
produce nanoparticles with peculiar magnetic properties, in particular superparamagnetism 
for biomedical application. The particle growth is controlled only by kinetic factors, so by con-
trolling pH, temperature, ionic strength, salts nature or the Fe(II)/Fe(III) concentration ratio, 
the shape and size of the nanoparticles can be customized [13].

1.7. Green synthesis

Recently, plant-based green syntheses of nanoparticles have attracted the attention of 
researchers. Various green resources, like micro-organisms and plants, are available for these 
syntheses. The extract of plants not only acts as reducing agent toward the metal ions in a 
short time with respect to micro-organisms or the classical organic/inorganic substances, but 
also provides high-yield nanosized particles. The preparation time of nanoparticles depends 
upon the variety of plants and the concentration of phyto-chemicals. Plant-based green syn-
thesis of magnetic nanoparticles is still under research [14, 15].

Among the so-called physical methods, the most used to produce zinc ferrites are the following.

1.8. Ultrasonic cavitation method

Ultrasonic cavitation chemistry is useful for synthesizing a variety of compounds at milder 
conditions. The major advantage of this method is that it affords a reliable and facile route 
for the control of both the synthetic process and nanostructure of advanced materials. This 
process also provides chemical homogeneity and reactivity through atomic level mixing and 
phase pure crystalline materials can be prepared by annealing at reduced temperatures. In 
addition, the use of additive components (stabilizers or surfactants, precipitants) and particu-
lar calcination requirements are avoided [16].

1.9. Thermal plasma

Thermal plasmas, such as direct current arcs and radio frequency (RF) plasmas, offer unique 
advantages for the synthesis of ceramic powders due to the easily achievable high tempera-
tures and energy densities. In a RF thermal plasma flame, the gas temperatures may exceed 
104 K independently of the gas composition. In addition, a high temperature gradient exists 
between the hot plasma flame and the surrounding gas phase. The resulting rapid quench-
ing rate is favorable for producing fine particles with unstable structures in thermodynamic 
terms [17].

The large variety of methods used to obtain zinc ferrites nanoparticles reflects on a very scat-
tered scenery in terms of properties of the obtained materials. This is not simply due to the 
above-mentioned close correlation among functional parameters and morphology, gran size, 
intentional doping, cation distribution, and nanoparticle architecture. Indeed, it is extremely 
important to verify and control the magnetic, structural and chemical purity, and  homogeneity 
of nanoparticles because even low amount of extrinsic phases or elements can alter the 
 functional properties. In particular, it is very important to monitor the presence of unwanted 
iron oxides phases, possible source of extrinsic contribution to the functional properties of zinc 
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antees the formation of the desired compounds without the need of other thermal treatment. 
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time, ball-to-powder weight ratio, extent of filling the vial, milling atmosphere, presence of a 
process control agent, temperature of milling, etc. [9].
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This method is actually one of the most diffused due to its numerous advantages: is a wet 
chemical technique, enables fast reaction rate, chemical homogeneity, and high reactivity due 
to the uniform heating produced by microwaves. Some drawbacks are represented by the diffi-
culty to vary the spherical form of particles and to control the valence states of the elements [10].

1.4. Sol-gel method

The sol-gel technique is a wet low-temperature method that provides products with a perfect 
chemical composition and takes advantages over the others, owing to good stoichiometric 
control and homogeneity, short preparation time and inexpensive precursors. Furthermore, 
it provides nanoparticles with controlled sizes and defined morphology. Generally, for the 
production of multicomponent oxides, alkoxides (substituted in some cases by acetates) are 
put together in alcohol. In the sol-gel method water, alcohol, pH, concentration of alkoxides, 
and controlled temperature are required for proper hydrolysis [11].

1.5. Hydrothermal method

The hydrothermal route is a convenient wet way to produce well crystalline materials, with par-
ticles with suitably tuned size and shape. The main advantage of hydrothermal synthesis over 
conventional wet-chemistry methods is that it occurs under non-standard conditions, and that 
non-classical crystallization pathways can be explored. Many factors can be  varied such as tem-
perature, reagents ratio, solvents, and kind of salts to customize the ferrite nanoparticles [12].

1.6. Co-precipitation method

This method is probably the most favorable to produce nanoparticles, as well as simple and 
very productive. A high homogeneity and uniformity can be easily obtained at moderate 
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experimental conditions. In these last years, this kind of synthesis has been mainly used to 
produce nanoparticles with peculiar magnetic properties, in particular superparamagnetism 
for biomedical application. The particle growth is controlled only by kinetic factors, so by con-
trolling pH, temperature, ionic strength, salts nature or the Fe(II)/Fe(III) concentration ratio, 
the shape and size of the nanoparticles can be customized [13].

1.7. Green synthesis

Recently, plant-based green syntheses of nanoparticles have attracted the attention of 
researchers. Various green resources, like micro-organisms and plants, are available for these 
syntheses. The extract of plants not only acts as reducing agent toward the metal ions in a 
short time with respect to micro-organisms or the classical organic/inorganic substances, but 
also provides high-yield nanosized particles. The preparation time of nanoparticles depends 
upon the variety of plants and the concentration of phyto-chemicals. Plant-based green syn-
thesis of magnetic nanoparticles is still under research [14, 15].

Among the so-called physical methods, the most used to produce zinc ferrites are the following.

1.8. Ultrasonic cavitation method

Ultrasonic cavitation chemistry is useful for synthesizing a variety of compounds at milder 
conditions. The major advantage of this method is that it affords a reliable and facile route 
for the control of both the synthetic process and nanostructure of advanced materials. This 
process also provides chemical homogeneity and reactivity through atomic level mixing and 
phase pure crystalline materials can be prepared by annealing at reduced temperatures. In 
addition, the use of additive components (stabilizers or surfactants, precipitants) and particu-
lar calcination requirements are avoided [16].

1.9. Thermal plasma

Thermal plasmas, such as direct current arcs and radio frequency (RF) plasmas, offer unique 
advantages for the synthesis of ceramic powders due to the easily achievable high tempera-
tures and energy densities. In a RF thermal plasma flame, the gas temperatures may exceed 
104 K independently of the gas composition. In addition, a high temperature gradient exists 
between the hot plasma flame and the surrounding gas phase. The resulting rapid quench-
ing rate is favorable for producing fine particles with unstable structures in thermodynamic 
terms [17].

The large variety of methods used to obtain zinc ferrites nanoparticles reflects on a very scat-
tered scenery in terms of properties of the obtained materials. This is not simply due to the 
above-mentioned close correlation among functional parameters and morphology, gran size, 
intentional doping, cation distribution, and nanoparticle architecture. Indeed, it is extremely 
important to verify and control the magnetic, structural and chemical purity, and  homogeneity 
of nanoparticles because even low amount of extrinsic phases or elements can alter the 
 functional properties. In particular, it is very important to monitor the presence of unwanted 
iron oxides phases, possible source of extrinsic contribution to the functional properties of zinc 
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ferrites. In addition, several factors such as nucleation, growth, aggregation, and adsorption 
of impurities can affect the morphology of prepared particles [18]. It is thus evident the need 
to deeply characterize the  materials with a multi-technique approach to reveal even subtle 
effects due to unwanted alterations of the designed nanoparticles.

Usually, all the researchers give evidence of the magnetic properties measuring by SQUID 
magnetometer or Vibrating Sample Magnetometry, Saturation magnetization (Ms), Coercivity 
(Hc), and Blocking temperature (TB). The local inspection about the source of magnetic behav-
ior is usually accomplished by combining 57Fe Mossbauer, XANES, XPS, and EPR investiga-
tions. Morphology and chemical compositions are usually investigated by TEM and SEM 
techniques, the latter with the possibility to perform EDX analyses for elemental check. 
Sometimes, LA-ICP is used to validate the composition. Crystalline structure quality is usu-
ally assessed by XRD analyses and micro-Raman measurements, that also allowed to estimate 
the inversion degree.

Raman spectroscopy (RS) has been widely used to study spinel ferrites and in particular zinc 
ferrites both for routine identification of materials [19] and for very fine investigations concern-
ing basic phenomena. This is due to an interesting overlapping between characteristics of RS 
and properties of nanosized zinc ferrites: (i) RS sensitivity to cations distribution [20], (ii) RS 
ability to reveal the presence of extrinsic iron oxides phases like hematite or magnetite [21], 
(iii) possibility to use RS to monitor stability of spinel ferrites vs. light exposure or thermal 
treatment [22], (iv) influence of nanometric scaling on Raman lines features—peak energies, 
widths and shape [23], (v) possibility to evaluate the presence of unwanted impurities. In addi-
tion, it is important to note that Raman spectroscopy has been used to study Surface-enhanced 
Raman scattering (SERS) when ferrites nanoparticles are functionalized for specific biomedical 
applications [24].

In this chapter, we combine a brief overview on the literature about Raman data from dif-
ferent zinc ferrites nanoparticles to new Raman results by our group on pure and doped 
zinc ferrites nanoparticles prepared by using the microwave-assisted combustion method. 
In particular, we present data obtained from undoped ZnFe2O4, Zn1−xCaxFe2O4 (x = 0.05 and 
0.25), ZnFe1.9Gd0.1O4, Zn0.95Sr0.05Fe2O4, and ZnFe1.9Al0.1O4 doped ferrites. The Ca substitution 
is particularly interesting due to the low toxicity of the substituent; on the other side, Gd 
ions are commonly used as contrast agents for MRI. In all the cases, the Raman data are 
accompanied by recalling functional parameters and synthesis procedures. For our samples, 
a more complete description about synthesis, morphology, and magnetic behavior are out-
lined allowing a better comprehension about the powerful of Raman spectroscopy in this 
kind of system.

2. Raman effect in ZnFe2O4 nanoparticles

ZnFe2O4 spinel has a cubic structure that belongs to the space group Fd3m (O7
h) consisting 

of 8 molecules within the unit cell, for a total of 56 atoms; nevertheless the smallest Bravais 
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cell contains 2 formula units for a total of 14 atoms. By the factor group analysis, it is pos-
sible to derive the following 42 modes in ZnFe2O4 spinel, 3 acoustic modes, and 39 optical 
modes [19]:

   A  1g   (R)  +  E  g   (R)  +  F  1g   + 3  F  2g   (R)  + 2  A  2u   + 2  E  u   + 4  F  1u   (IR)  + 2  F  2u    (1)

where the (R) and (IR) identify Raman-active and infrared-active vibrational species, respec-
tively, and the rest of the modes are silent modes. The Eg,u and F1g,2g,1u,2u modes are doubly and 
triply degenerate, respectively. The three acoustic modes belong to the F1u species.

Thus in the Raman spectra of zinc ferrites, only five modes A1g + Eg + 3F2g should be 
observed [25]. The three Raman-active F2g modes are labeled F2g(1), F2g(2), and F2g(3), where 
F2g(1) is the lowest frequency F2g mode and F2g(3) is the highest frequency mode of this 
vibrational species.

Figure 2 shows the spectra from two different ZFO prepared by our group. These spectra 
are reported as an example of the features detected in the Raman spectrum of ZFO. The red 
spectrum is obtained from pure ZFO, synthesized by solid state reaction (see Section 2.2.), 
while the black curve is the Raman signal of an Al-doped ZFO sample synthesized by co-
precipitation method. In the region 100–800 cm−1, three different spectral intervals can be 
recognized for both samples: (i) 600–800 cm−1 is the region of A1g modes; (ii) 410–550 cm−1 
is the region of F2g(3) modes, and (iii) 260–380 cm−1 should be the region of F2g(2) modes. At 
lower frequencies, Eg and F2g(1) are sometimes detected. Furthermore in the spectrum from 
Al-doped sample, narrow extra peaks are detected at about 218, 285, and 395 cm−1. These 

Figure 2. Raman spectra from two different ZFO prepared by our group: Pure ZFO synthesized by solid state reaction 
(red curve) and Al-doped ZFO synthesized by conventional co-precipitation method (black curve). The latter will not be 
further considered in the chapter.
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ferrites. In addition, several factors such as nucleation, growth, aggregation, and adsorption 
of impurities can affect the morphology of prepared particles [18]. It is thus evident the need 
to deeply characterize the  materials with a multi-technique approach to reveal even subtle 
effects due to unwanted alterations of the designed nanoparticles.

Usually, all the researchers give evidence of the magnetic properties measuring by SQUID 
magnetometer or Vibrating Sample Magnetometry, Saturation magnetization (Ms), Coercivity 
(Hc), and Blocking temperature (TB). The local inspection about the source of magnetic behav-
ior is usually accomplished by combining 57Fe Mossbauer, XANES, XPS, and EPR investiga-
tions. Morphology and chemical compositions are usually investigated by TEM and SEM 
techniques, the latter with the possibility to perform EDX analyses for elemental check. 
Sometimes, LA-ICP is used to validate the composition. Crystalline structure quality is usu-
ally assessed by XRD analyses and micro-Raman measurements, that also allowed to estimate 
the inversion degree.

Raman spectroscopy (RS) has been widely used to study spinel ferrites and in particular zinc 
ferrites both for routine identification of materials [19] and for very fine investigations concern-
ing basic phenomena. This is due to an interesting overlapping between characteristics of RS 
and properties of nanosized zinc ferrites: (i) RS sensitivity to cations distribution [20], (ii) RS 
ability to reveal the presence of extrinsic iron oxides phases like hematite or magnetite [21], 
(iii) possibility to use RS to monitor stability of spinel ferrites vs. light exposure or thermal 
treatment [22], (iv) influence of nanometric scaling on Raman lines features—peak energies, 
widths and shape [23], (v) possibility to evaluate the presence of unwanted impurities. In addi-
tion, it is important to note that Raman spectroscopy has been used to study Surface-enhanced 
Raman scattering (SERS) when ferrites nanoparticles are functionalized for specific biomedical 
applications [24].

In this chapter, we combine a brief overview on the literature about Raman data from dif-
ferent zinc ferrites nanoparticles to new Raman results by our group on pure and doped 
zinc ferrites nanoparticles prepared by using the microwave-assisted combustion method. 
In particular, we present data obtained from undoped ZnFe2O4, Zn1−xCaxFe2O4 (x = 0.05 and 
0.25), ZnFe1.9Gd0.1O4, Zn0.95Sr0.05Fe2O4, and ZnFe1.9Al0.1O4 doped ferrites. The Ca substitution 
is particularly interesting due to the low toxicity of the substituent; on the other side, Gd 
ions are commonly used as contrast agents for MRI. In all the cases, the Raman data are 
accompanied by recalling functional parameters and synthesis procedures. For our samples, 
a more complete description about synthesis, morphology, and magnetic behavior are out-
lined allowing a better comprehension about the powerful of Raman spectroscopy in this 
kind of system.

2. Raman effect in ZnFe2O4 nanoparticles

ZnFe2O4 spinel has a cubic structure that belongs to the space group Fd3m (O7
h) consisting 

of 8 molecules within the unit cell, for a total of 56 atoms; nevertheless the smallest Bravais 
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cell contains 2 formula units for a total of 14 atoms. By the factor group analysis, it is pos-
sible to derive the following 42 modes in ZnFe2O4 spinel, 3 acoustic modes, and 39 optical 
modes [19]:

   A  1g   (R)  +  E  g   (R)  +  F  1g   + 3  F  2g   (R)  + 2  A  2u   + 2  E  u   + 4  F  1u   (IR)  + 2  F  2u    (1)

where the (R) and (IR) identify Raman-active and infrared-active vibrational species, respec-
tively, and the rest of the modes are silent modes. The Eg,u and F1g,2g,1u,2u modes are doubly and 
triply degenerate, respectively. The three acoustic modes belong to the F1u species.

Thus in the Raman spectra of zinc ferrites, only five modes A1g + Eg + 3F2g should be 
observed [25]. The three Raman-active F2g modes are labeled F2g(1), F2g(2), and F2g(3), where 
F2g(1) is the lowest frequency F2g mode and F2g(3) is the highest frequency mode of this 
vibrational species.

Figure 2 shows the spectra from two different ZFO prepared by our group. These spectra 
are reported as an example of the features detected in the Raman spectrum of ZFO. The red 
spectrum is obtained from pure ZFO, synthesized by solid state reaction (see Section 2.2.), 
while the black curve is the Raman signal of an Al-doped ZFO sample synthesized by co-
precipitation method. In the region 100–800 cm−1, three different spectral intervals can be 
recognized for both samples: (i) 600–800 cm−1 is the region of A1g modes; (ii) 410–550 cm−1 
is the region of F2g(3) modes, and (iii) 260–380 cm−1 should be the region of F2g(2) modes. At 
lower frequencies, Eg and F2g(1) are sometimes detected. Furthermore in the spectrum from 
Al-doped sample, narrow extra peaks are detected at about 218, 285, and 395 cm−1. These 

Figure 2. Raman spectra from two different ZFO prepared by our group: Pure ZFO synthesized by solid state reaction 
(red curve) and Al-doped ZFO synthesized by conventional co-precipitation method (black curve). The latter will not be 
further considered in the chapter.
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Raman lines are associated to the presence of hematite inside the irradiated volume [21]. At 
higher energies, in the region 1000–1800 cm−1 only second-order features can be revealed, 
with a more intense feature just above 1300 cm−1 in the Al-doped sample due to second-order 
signal from hematite.

Briefly, we recall that micro-Raman measurements were carried out at RT by using a Labram 
Dilor spectrometer equipped with an Olympus microscope HS BX40. The 632.8 nm light from 
He-Ne laser was employed as excitation radiation. The samples, mounted on a motorized 
xy stage, were tested with a 100× objective and with a laser spot of 1 μm of diameter. The 
spectral resolution was about 1 cm−1. Neutral filters with different optical density were used 
to irradiate the samples at different light intensities leading to power density values from 
5 × 103 to 5 × 105 W/cm2. A cooled CCD camera was used as a detector and the typical integra-
tion times were about 2 min. The sample phase homogeneity was verified by mapping the 
Raman spectra from different regions of each sample. The parameters of the Raman spectra 
were extracted by using best fitting procedures based on Lorentzian functions. In this way, 
the frequency, full width at half maximum, intensity, and integrated intensity of the peaks 
were determined.

2.1. Brief overview from the literature

Even if in the literature the assignment of the specific atomic motions within the spinel lattice 
during the Raman-active vibrations is controversial, it is common to explain the vibrational 
dynamic in term of normal modes inside the two sub-units within the spinel unit cell: the 
tetrahedral unit, AO4 is comprised of the cation at the center of a cube and four oxygen atoms 
in the nonadjacent corners; the octahedral unit consists of a cation surrounded by six oxygen 
atoms, two along each dimensional axis, to form a BO6 octahedron. It is accepted that the 
highest-frequency A1g mode is assigned to the symmetric breathing mode of the AO4 unit 
within the spinel lattice [26]. The oxygen atoms move away from the tetrahedral cations along 
the direction of the bonds, with all the cations at rest. For all the other Raman modes, there 
are some controversies about their assignments. In [27], all the other low frequency modes 
are attributed to vibrations inside the octahedral sites (BO6). Besides the highest-frequency 
Raman-active F2g(3) mode is alternatively attributed to the antisymmetric breathing of the 
AO4 unit [28], or to the asymmetric bending motion of the oxygens bonded to the tetrahedral 
cations [29].

The F2g(2) mode should be due to the opposite motion of cation and oxygen along one direc-
tion of the lattice [30]. In [30], the Eg mode is assigned to the symmetric bending motion of 
the oxygen anions within the AO4 unit, in agreement to other researchers [28]. Finally, more 
agreement is found for F2g(1) Raman mode, the lowest frequency one, due to the complete 
translation of the AO4 unit within the spinel lattice [31–34].

The controversial landscape of Raman modes in ZFO is summarized in Table 1, where we 
report a brief overview on Raman results from nanosized pure zinc ferrites obtained by different 
methods.
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At first, one can notice the absence of a clear correlation between grain size and peak positions 
of A1g modes. Looking at the spectra, the effect of grain size reduction causes as expected an 
asymmetric broadening of Raman bands and a decreasing of Raman intensities [44, 45]. A1g 
mode is mainly the most intense Raman feature; while in [27, 37, 46], the highest Raman signal 
is the Eg mode. Besides, in ZFO, the nanometric regime is primarily the cause of  inversion, with 
marked influence on Raman spectra. Indeed in tetrahedra and octahedra a mixing between A 
and B cations takes place and this mixing reflects on Raman modes due to different cations 
involved for the same vibrational modes [35].

In Table 2, we summarize some results from nanocrystalline doped zinc ferrites and other 
common ferrites.

Both for pure and doped nanoparticles zinc ferrites, it is difficult to derive general rules for 
Raman modes behavior. Different parameters (synthesis, grain size, composition, and chemi-
cal purity) can give rise to competing effects with opposite effects on Raman features. In addi-
tion, it is evident from the reported data in Tables 1 and 2 that even the attribution of a certain 
Raman signal to a specific mode is uncertain, in particular for F2g and Eg modes. Furthermore 
for F2g and Eg modes, the analyses are complicated by the usually lower intensities. Recently, 
even the attribution of A1g mode has been reconsidered. Some authors [50, 51] claimed that 

Method Average 
size (nm)

Main Raman modes peak energy (cm−1) References

F2g(1) Eg F2g(2) F2g(3) A1g (1) Other signals

S MC 3–25 150 265 350–400 450–500 630 (Zn-O)

720 (Fe-O)

— [35, 36]

Honey-mediated 
SG C

10–20 241 351 498 438 605 (Zn-O)

653 (Fe-O)

221, 286, 403

α-Fe2O3

[37]

S MC 20 160 265 370 450 637(Zn-O)

670(Fe-O)

721

A1g maghemite

[38]

TD 4.7 159 254 364 459 665 — [39]

CG 13 — 351 452 490 650 (Zn-O)

700 (Fe-O)

— [40]

CP 5 — 330 480 — 660 — [41]

SG AC 21 262 357 497 — 682 — [42]

SG C 19.6 174.9 340.3 491 — 652.7

688.6

— [43]

HT F — 221 246 355 451 647 800 noise [27]

CP 7 235.56 339.61 487.4 — 664.97 — [23]

The data are listed at variance with synthesis method and grain size. For syntheses, we used the following acronyms: 
S MC for soft mechanochemical, SG C for sol-gel combustion, TD for thermal decomposition, CG for citrate-gel, CP for 
co-precipitation, SG AC for sol-gel autocombustion and HT F for high temperature flux.

Table 1. Overview on data from literature on Raman modes in pure ZFO nanoparticles.
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Raman lines are associated to the presence of hematite inside the irradiated volume [21]. At 
higher energies, in the region 1000–1800 cm−1 only second-order features can be revealed, 
with a more intense feature just above 1300 cm−1 in the Al-doped sample due to second-order 
signal from hematite.

Briefly, we recall that micro-Raman measurements were carried out at RT by using a Labram 
Dilor spectrometer equipped with an Olympus microscope HS BX40. The 632.8 nm light from 
He-Ne laser was employed as excitation radiation. The samples, mounted on a motorized 
xy stage, were tested with a 100× objective and with a laser spot of 1 μm of diameter. The 
spectral resolution was about 1 cm−1. Neutral filters with different optical density were used 
to irradiate the samples at different light intensities leading to power density values from 
5 × 103 to 5 × 105 W/cm2. A cooled CCD camera was used as a detector and the typical integra-
tion times were about 2 min. The sample phase homogeneity was verified by mapping the 
Raman spectra from different regions of each sample. The parameters of the Raman spectra 
were extracted by using best fitting procedures based on Lorentzian functions. In this way, 
the frequency, full width at half maximum, intensity, and integrated intensity of the peaks 
were determined.

2.1. Brief overview from the literature

Even if in the literature the assignment of the specific atomic motions within the spinel lattice 
during the Raman-active vibrations is controversial, it is common to explain the vibrational 
dynamic in term of normal modes inside the two sub-units within the spinel unit cell: the 
tetrahedral unit, AO4 is comprised of the cation at the center of a cube and four oxygen atoms 
in the nonadjacent corners; the octahedral unit consists of a cation surrounded by six oxygen 
atoms, two along each dimensional axis, to form a BO6 octahedron. It is accepted that the 
highest-frequency A1g mode is assigned to the symmetric breathing mode of the AO4 unit 
within the spinel lattice [26]. The oxygen atoms move away from the tetrahedral cations along 
the direction of the bonds, with all the cations at rest. For all the other Raman modes, there 
are some controversies about their assignments. In [27], all the other low frequency modes 
are attributed to vibrations inside the octahedral sites (BO6). Besides the highest-frequency 
Raman-active F2g(3) mode is alternatively attributed to the antisymmetric breathing of the 
AO4 unit [28], or to the asymmetric bending motion of the oxygens bonded to the tetrahedral 
cations [29].

The F2g(2) mode should be due to the opposite motion of cation and oxygen along one direc-
tion of the lattice [30]. In [30], the Eg mode is assigned to the symmetric bending motion of 
the oxygen anions within the AO4 unit, in agreement to other researchers [28]. Finally, more 
agreement is found for F2g(1) Raman mode, the lowest frequency one, due to the complete 
translation of the AO4 unit within the spinel lattice [31–34].

The controversial landscape of Raman modes in ZFO is summarized in Table 1, where we 
report a brief overview on Raman results from nanosized pure zinc ferrites obtained by different 
methods.
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At first, one can notice the absence of a clear correlation between grain size and peak positions 
of A1g modes. Looking at the spectra, the effect of grain size reduction causes as expected an 
asymmetric broadening of Raman bands and a decreasing of Raman intensities [44, 45]. A1g 
mode is mainly the most intense Raman feature; while in [27, 37, 46], the highest Raman signal 
is the Eg mode. Besides, in ZFO, the nanometric regime is primarily the cause of  inversion, with 
marked influence on Raman spectra. Indeed in tetrahedra and octahedra a mixing between A 
and B cations takes place and this mixing reflects on Raman modes due to different cations 
involved for the same vibrational modes [35].

In Table 2, we summarize some results from nanocrystalline doped zinc ferrites and other 
common ferrites.

Both for pure and doped nanoparticles zinc ferrites, it is difficult to derive general rules for 
Raman modes behavior. Different parameters (synthesis, grain size, composition, and chemi-
cal purity) can give rise to competing effects with opposite effects on Raman features. In addi-
tion, it is evident from the reported data in Tables 1 and 2 that even the attribution of a certain 
Raman signal to a specific mode is uncertain, in particular for F2g and Eg modes. Furthermore 
for F2g and Eg modes, the analyses are complicated by the usually lower intensities. Recently, 
even the attribution of A1g mode has been reconsidered. Some authors [50, 51] claimed that 

Method Average 
size (nm)

Main Raman modes peak energy (cm−1) References

F2g(1) Eg F2g(2) F2g(3) A1g (1) Other signals

S MC 3–25 150 265 350–400 450–500 630 (Zn-O)

720 (Fe-O)

— [35, 36]

Honey-mediated 
SG C

10–20 241 351 498 438 605 (Zn-O)

653 (Fe-O)

221, 286, 403

α-Fe2O3

[37]

S MC 20 160 265 370 450 637(Zn-O)

670(Fe-O)

721

A1g maghemite

[38]

TD 4.7 159 254 364 459 665 — [39]

CG 13 — 351 452 490 650 (Zn-O)

700 (Fe-O)

— [40]

CP 5 — 330 480 — 660 — [41]

SG AC 21 262 357 497 — 682 — [42]

SG C 19.6 174.9 340.3 491 — 652.7

688.6

— [43]

HT F — 221 246 355 451 647 800 noise [27]

CP 7 235.56 339.61 487.4 — 664.97 — [23]

The data are listed at variance with synthesis method and grain size. For syntheses, we used the following acronyms: 
S MC for soft mechanochemical, SG C for sol-gel combustion, TD for thermal decomposition, CG for citrate-gel, CP for 
co-precipitation, SG AC for sol-gel autocombustion and HT F for high temperature flux.

Table 1. Overview on data from literature on Raman modes in pure ZFO nanoparticles.
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Raman Spectroscopy232

the Raman band at around 650 cm−1 is associated with the presence of Zn2+ ions at B-sites. 
This conclusion seemed to be supported by the dependence of its intensity with Zn content in 
Mg1−xZnxFe2O4 and by Mossbauer data. Nevertheless, some common features can be derived: 
the mass of the tetrahedral cations is effective in the A1g lineshape with different contribu-
tion clearly detectable, as expected in a simple “mass on a spring” model; the reduced grain 
size causes a decrease in the total Raman yield; all the synthesis methods seem to be able to 
produce nanoparticles with good crystallinity even if sometimes the Raman signals are quite 
weak and broadened [22, 52]. Further worsening in the quality of Raman spectra has been 
observed when ZFO NP is functionalized for specific biomedical applications [53].

In the Raman spectra of nanocrystalline, both pure and doped zinc ferrites or other ferrites, it is 
common to recognize different contributions for each Raman mode, just due to different cations 
involved in a specific vibration [47]. This behavior, the so-called two-mode behavior, is particu-
larly evident for the most intense A1g mode above 600 cm−1. If doping is considered, the Raman 
lineshape is affected both by the inversion on A and B sites and by the substitution of divalent 
or trivalent cations. Thus, the Raman signal in the more complex case could be the result of the 
overlapping of three contributions due to vibrations inside (i) ZnO4, (ii) FeO4, due to inversion, 
and (iii) the MeO4 due to substitution. The two mode behavior is sometimes less detectable in 
the lower frequency modes; where in some cases, a one-mode behavior cannot be excluded 
[54]. The Raman studies on ZFO NP have usually the goal to characterize the structure of the 
samples in view of the magnetic response, being the last affected by inversion and/or cationic 
substitutions with magnetic ions. Raman data, and in particular the A1g modes, are usually used 
to perform best-fitting analyses using lorenztian curves and derive the integrated intensities 
of the two (or three if substituents are considered) different contributions. With the empirical 
formula xFe(A) = [1 − IZn/(IZn + IFe)], one can derive the inversion degree; the lorentzian intensities 

Figure 3. Simulated Raman spectra for ZFO, hematite and maghemite. The intensities are scaled to match the 
experimental evidences on pure micrometric powders.
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the Raman band at around 650 cm−1 is associated with the presence of Zn2+ ions at B-sites. 
This conclusion seemed to be supported by the dependence of its intensity with Zn content in 
Mg1−xZnxFe2O4 and by Mossbauer data. Nevertheless, some common features can be derived: 
the mass of the tetrahedral cations is effective in the A1g lineshape with different contribu-
tion clearly detectable, as expected in a simple “mass on a spring” model; the reduced grain 
size causes a decrease in the total Raman yield; all the synthesis methods seem to be able to 
produce nanoparticles with good crystallinity even if sometimes the Raman signals are quite 
weak and broadened [22, 52]. Further worsening in the quality of Raman spectra has been 
observed when ZFO NP is functionalized for specific biomedical applications [53].

In the Raman spectra of nanocrystalline, both pure and doped zinc ferrites or other ferrites, it is 
common to recognize different contributions for each Raman mode, just due to different cations 
involved in a specific vibration [47]. This behavior, the so-called two-mode behavior, is particu-
larly evident for the most intense A1g mode above 600 cm−1. If doping is considered, the Raman 
lineshape is affected both by the inversion on A and B sites and by the substitution of divalent 
or trivalent cations. Thus, the Raman signal in the more complex case could be the result of the 
overlapping of three contributions due to vibrations inside (i) ZnO4, (ii) FeO4, due to inversion, 
and (iii) the MeO4 due to substitution. The two mode behavior is sometimes less detectable in 
the lower frequency modes; where in some cases, a one-mode behavior cannot be excluded 
[54]. The Raman studies on ZFO NP have usually the goal to characterize the structure of the 
samples in view of the magnetic response, being the last affected by inversion and/or cationic 
substitutions with magnetic ions. Raman data, and in particular the A1g modes, are usually used 
to perform best-fitting analyses using lorenztian curves and derive the integrated intensities 
of the two (or three if substituents are considered) different contributions. With the empirical 
formula xFe(A) = [1 − IZn/(IZn + IFe)], one can derive the inversion degree; the lorentzian intensities 

Figure 3. Simulated Raman spectra for ZFO, hematite and maghemite. The intensities are scaled to match the 
experimental evidences on pure micrometric powders.
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can be multiplied by corresponding force constants even if it is not simply to derive a reliable 
value [39, 47].

For this reason, an important issue in ZFO NP studies is to reveal in synthesized samples 
the presence of iron oxides, like hematite and maghemite [5]. These oxides can infer an effec-
tive but extrinsic magnetic behavior with problems in terms of stability and aggregation if 
used in biomedical applications. To characterize the spin ordering and understand the nature 
of magnetic behavior, Mossbauer and neutron diffraction studies have been helpfully used 
[55]. Nevertheless, in this frame also the Raman spectroscopy can play an important role. 
Hematite (α-Fe2O3) belongs to the rhombohedral system while maghemite (γ-Fe2O3) has a 
cubic inverted spinel structure, thus from the point of view of Raman activity equivalent to 
ZFO. These differences reflect on the Raman spectra. In Figure 3, we report the simulated 
spectra for ZFO, hematite, and maghemite.

The Raman spectra of ZFO and maghemite are obviously quite similar with a total Raman yield 
greater for the former. The main difference is the peak position of the A1g. In ZFO, the ZnO4 vibra-
tions are dominant and the peak is around 650 cm−1, while in maghemite only the iron is present 
and the energy peak is usually observed around or just above 700 cm−1. On the contrary, the 
Raman spectrum of hematite is markedly different having the main peaks in the lower energy 
region. It is important to note that the Raman yield of hematite is approximately 10–20 times 
higher than that of spinel-type ferrites, thus a small amount of hematite is enough to give clear 
signatures in Raman spectrum. It is difficult to quantify this small amount because it is often 
reported that for ZFO nanometric grains, surface shell of hematite or maghemite can be formed 
[37, 56]. In this case, the surface sensitivity of the Raman technique can hinder a proper estima-
tion. A more difficult goal is to reveal the presence of few amounts of maghemite in ZFO by 
Raman spectroscopy. Detailed best-fitting analyses are usually performed on the A1g data, and 
it is possible to infer about the presence of maghemite [38]; but the variability of peak energies 
found both for pure and doped ZFO and the weak weight of maghemite contribution in Raman 
signal hinder a reliable attribution simply based on Raman data. But, RS allows to monitor the 
stability of maghemite to laser irradiation. Indeed, it is well-known that in the oxidation route 
of iron ions maghemite is an intermediate metastable phase while hematite is the terminal and 
stable one [57]. Using this approach, the presence of maghemite in ZFO can be indirectly evalu-
ated by the insurgence of hematite Raman signals under laser irradiation [58].

2.2. Experiments from pure and doped zinc ferrites obtained by microwave-assisted 
combustion method

We focused on the microwave combustion synthesis method of Ca (on Zn site) and Gd (on Fe 
site) substituted ferrites. Undoped ZnFe2O4 and Sr, and Al doped samples were also synthesized 
and used for comparison. All the samples have been investigated by X-ray powder diffraction 
and SEM-EDX analyses as a complement of Raman results. The magnetic behavior has been 
measured by SQUID magnetometry. All the experimental details are reported elsewhere [59].

We found, for all the samples, a superparamagnetic behavior with saturation magnetization 
between 6 and 10 emu/g at the maximum applied magnetic field of 3 T, with a more effective 
role played by Ca ions with respect to Gd ions substitution.

Raman Spectroscopy234

2.2.1. Synthesis

The samples were synthesized by microwave-assisted combustion methodology (MW), a rapid 
and green method as previously described, and by a conventional high energy ball milling.

For MW, the starting reagents were Zn(NO3)2 6H2O and Fe(NO3)3 9H2O taken in stoichiomet-
ric ratio to obtain ZnFe2O4 and mixed in an agate mortar with a proper amount of citric acid as 
fuel, as calculated from the propellant chemistry theory [60]. In brief, by taking into account 
the reducing and oxidizing valences of the involved elements (Zn = +2, N = 0, O = −2, Fe = +3, 
C = 4, H = 1), we can calculate a global valence value of −15, −10, and +18 for iron nitrate, zinc 
nitrate, and citric acid, respectively. We can write the balanced chemical reaction for the fer-
rite formation as 2·(−15) + 1·(−10) + x·(+18) = 0 and the mol amount of citric acid necessary to 
reduce the nitrates oxidant amount is calculated as 2.22.

The mixture was placed in a ceramic crucible in a microwave oven for 30 min at 800 W: this 
power ensures a temperature inside the oven between 450 and 500°C. This undoped sam-
ple will be named ZnFe. To obtain the doped samples, proper amount of Ca(NO3)2 4H2O, 
Sr.(NO3)2, Gd(NO3)3 6H2O, and Al(NO3)3 9H2O were added to the previous reagents to obtain 
the desired stoichiometry Zn0.95Ca0.05Fe2O4, Zn0.75Ca0.25Fe2O4, Zn0.95Sr0.05Fe2O4, ZnFe1.9Gd0.1O4, 
and ZnFe1.9Al0.1O4. The citric acid amount to add to the various mixtures was calculated as 
explained. In the following, these samples will be named Ca005, Ca025, Sr005, Gd01, and 
Al01, respectively.

For comparison, an undoped ZnFe2O4 sample was also synthesized by means of a classical 
solid-state synthesis, starting from a stoichiometric mixture of ZnO and Fe3O4 oxides ground 
by ball milling in tungsten jars for 6 h at 500 rpm with intermediate periods of last. The mix-
ture was then treated in oven in air at 650°C for 12 h (heating rate 5°C/min, spontaneous cool-
ing to 25°C) and ground after cooling. This sample will be named ZnFe-SS.

2.2.2. XRD and SEM analyses

X-ray diffraction analysis was used to determine the sample purity, in particular to control the 
effective cation substitution, the crystallite sizes and the eventual inversion degree of the spinel 
by means of the structural and profile refinement based on the Rietveld method. In Figure 4, 
the XRD patterns of the ZnFe-SS and ZnFe undoped ZnFe2O4 samples are shown together 
with Ca005 one. In all the cases, a pure ferrite sample is formed, whose peaks well agree with 
the ZnFe2O4 cubic spinel structure (PDF card N. 89-7412). It is well evident a different peaks 
broadening and crystallinity between MW and SS samples suggesting markedly different par-
ticle sizes, as can be expected due to the different experimental synthesis methodologies. For 
the doped samples, XRD patterns demonstrate that the doping successfully occurred, because 
neither traces of unreacted reagents nor phase impurities are present: only for Sr005, some low 
peaks reveal the presence of small traces of strontium nitrate, as a residual of the reagent. The 
structural refinement on the basis of the Rietveld method was performed on all the patterns 
by using the known cubic spinel model: the main refined structural parameters are reported 
in Table 3. It can be seen that the crystallite sizes are in the nanometer range: the values for the 
microwave synthesis are all lower than 11 nm, while for ZnFe-SS a value of 22 nm is found.
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can be multiplied by corresponding force constants even if it is not simply to derive a reliable 
value [39, 47].

For this reason, an important issue in ZFO NP studies is to reveal in synthesized samples 
the presence of iron oxides, like hematite and maghemite [5]. These oxides can infer an effec-
tive but extrinsic magnetic behavior with problems in terms of stability and aggregation if 
used in biomedical applications. To characterize the spin ordering and understand the nature 
of magnetic behavior, Mossbauer and neutron diffraction studies have been helpfully used 
[55]. Nevertheless, in this frame also the Raman spectroscopy can play an important role. 
Hematite (α-Fe2O3) belongs to the rhombohedral system while maghemite (γ-Fe2O3) has a 
cubic inverted spinel structure, thus from the point of view of Raman activity equivalent to 
ZFO. These differences reflect on the Raman spectra. In Figure 3, we report the simulated 
spectra for ZFO, hematite, and maghemite.

The Raman spectra of ZFO and maghemite are obviously quite similar with a total Raman yield 
greater for the former. The main difference is the peak position of the A1g. In ZFO, the ZnO4 vibra-
tions are dominant and the peak is around 650 cm−1, while in maghemite only the iron is present 
and the energy peak is usually observed around or just above 700 cm−1. On the contrary, the 
Raman spectrum of hematite is markedly different having the main peaks in the lower energy 
region. It is important to note that the Raman yield of hematite is approximately 10–20 times 
higher than that of spinel-type ferrites, thus a small amount of hematite is enough to give clear 
signatures in Raman spectrum. It is difficult to quantify this small amount because it is often 
reported that for ZFO nanometric grains, surface shell of hematite or maghemite can be formed 
[37, 56]. In this case, the surface sensitivity of the Raman technique can hinder a proper estima-
tion. A more difficult goal is to reveal the presence of few amounts of maghemite in ZFO by 
Raman spectroscopy. Detailed best-fitting analyses are usually performed on the A1g data, and 
it is possible to infer about the presence of maghemite [38]; but the variability of peak energies 
found both for pure and doped ZFO and the weak weight of maghemite contribution in Raman 
signal hinder a reliable attribution simply based on Raman data. But, RS allows to monitor the 
stability of maghemite to laser irradiation. Indeed, it is well-known that in the oxidation route 
of iron ions maghemite is an intermediate metastable phase while hematite is the terminal and 
stable one [57]. Using this approach, the presence of maghemite in ZFO can be indirectly evalu-
ated by the insurgence of hematite Raman signals under laser irradiation [58].

2.2. Experiments from pure and doped zinc ferrites obtained by microwave-assisted 
combustion method

We focused on the microwave combustion synthesis method of Ca (on Zn site) and Gd (on Fe 
site) substituted ferrites. Undoped ZnFe2O4 and Sr, and Al doped samples were also synthesized 
and used for comparison. All the samples have been investigated by X-ray powder diffraction 
and SEM-EDX analyses as a complement of Raman results. The magnetic behavior has been 
measured by SQUID magnetometry. All the experimental details are reported elsewhere [59].

We found, for all the samples, a superparamagnetic behavior with saturation magnetization 
between 6 and 10 emu/g at the maximum applied magnetic field of 3 T, with a more effective 
role played by Ca ions with respect to Gd ions substitution.
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2.2.1. Synthesis

The samples were synthesized by microwave-assisted combustion methodology (MW), a rapid 
and green method as previously described, and by a conventional high energy ball milling.
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rite formation as 2·(−15) + 1·(−10) + x·(+18) = 0 and the mol amount of citric acid necessary to 
reduce the nitrates oxidant amount is calculated as 2.22.

The mixture was placed in a ceramic crucible in a microwave oven for 30 min at 800 W: this 
power ensures a temperature inside the oven between 450 and 500°C. This undoped sam-
ple will be named ZnFe. To obtain the doped samples, proper amount of Ca(NO3)2 4H2O, 
Sr.(NO3)2, Gd(NO3)3 6H2O, and Al(NO3)3 9H2O were added to the previous reagents to obtain 
the desired stoichiometry Zn0.95Ca0.05Fe2O4, Zn0.75Ca0.25Fe2O4, Zn0.95Sr0.05Fe2O4, ZnFe1.9Gd0.1O4, 
and ZnFe1.9Al0.1O4. The citric acid amount to add to the various mixtures was calculated as 
explained. In the following, these samples will be named Ca005, Ca025, Sr005, Gd01, and 
Al01, respectively.

For comparison, an undoped ZnFe2O4 sample was also synthesized by means of a classical 
solid-state synthesis, starting from a stoichiometric mixture of ZnO and Fe3O4 oxides ground 
by ball milling in tungsten jars for 6 h at 500 rpm with intermediate periods of last. The mix-
ture was then treated in oven in air at 650°C for 12 h (heating rate 5°C/min, spontaneous cool-
ing to 25°C) and ground after cooling. This sample will be named ZnFe-SS.

2.2.2. XRD and SEM analyses

X-ray diffraction analysis was used to determine the sample purity, in particular to control the 
effective cation substitution, the crystallite sizes and the eventual inversion degree of the spinel 
by means of the structural and profile refinement based on the Rietveld method. In Figure 4, 
the XRD patterns of the ZnFe-SS and ZnFe undoped ZnFe2O4 samples are shown together 
with Ca005 one. In all the cases, a pure ferrite sample is formed, whose peaks well agree with 
the ZnFe2O4 cubic spinel structure (PDF card N. 89-7412). It is well evident a different peaks 
broadening and crystallinity between MW and SS samples suggesting markedly different par-
ticle sizes, as can be expected due to the different experimental synthesis methodologies. For 
the doped samples, XRD patterns demonstrate that the doping successfully occurred, because 
neither traces of unreacted reagents nor phase impurities are present: only for Sr005, some low 
peaks reveal the presence of small traces of strontium nitrate, as a residual of the reagent. The 
structural refinement on the basis of the Rietveld method was performed on all the patterns 
by using the known cubic spinel model: the main refined structural parameters are reported 
in Table 3. It can be seen that the crystallite sizes are in the nanometer range: the values for the 
microwave synthesis are all lower than 11 nm, while for ZnFe-SS a value of 22 nm is found.
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The lattice parameters although may vary due to the different ionic radii of the dopants with 
respect to Zn and Fe ions, are quite similar. On the other hand, a similar behavior for the lattice 
parameter was found for the Sr substituted samples [10]. Only for Al doping the cubic param-
eter decreases with respect to the undoped sample: in fact, a value of 0.53 Å is reported for Al3+ 
ions radius with respect to 0.65 Å of Fe3+ in high spin configuration [61]. The inversion degree, 
i.e., the amount of Fe ions on Zn crystallographic sites, was also determined from the structural 

Figure 4. XRD patterns of undoped ZnFe2O4 obtained from microwave combustion and solid state methods together 
with the Ca005 pattern. The bars of the expected angular positions of the spinel phase (JCPDS card 89–7412) are also 
reported, together with the miller indices of the main peaks.

Cations distribution Impurities a/Å Size/nm

ZnFe-SS [Zn0.93Fe0.07]T[Fe1.93Zn0.07]O — 8.4386(6) 22.9

ZnFe [Zn0.82Fe0.18]T[Fe1.82Zn0.18]O — 8.4371(40) 11.1

Al01 [Zn0.68Fe0.32]T[Fe1.58Al0.1Zn0.32]O — 8.4221(25) 8.4

Ca005 [Zn0.90Ca0.05Fe0.05]T[Fe1.95Zn0.05]O — 8.4343(17) 8.7

Ca025 [Zn0.21Ca0.25Fe0.54]T[Fe1.46Zn0.54]O — 8.4331(57) 5.5

Sr005 [Zn0.88Sr0.05Fe0.07]T[Fe1.93Zn0.07]O Sr(NO3)2 3.35 8.4380(13) 7.2

Gd01 [Zn0.98Fe0.02]T[Fe1.88Gd0.1Zn0.02]O — 8.4366(29) 8.4

Table 3. Cation distribution, impurity phases amount, lattice parameter, and crystallite size as derived from XRD 
analyses.

Raman Spectroscopy236

refinement. In all the cases, the inversion takes place, although not so markedly: only for Ca025 
a value of 0.54 is reached. The easily induced inversion can be a consequence of the quickness 
of the MW synthesis that in only about 30 min can produce a good level of crystallinity but with 
atomic disorder. We also verified that Ca and Sr. ions seem to prefer the A site, while Al and Gd 
ions the B one. This is certainly true when the substitution is about 5 atom%, while for Ca025 a 
different model could be hypothesized. In fact, due to the preference of calcium for octahedral 
coordination it is possible that these ions could be also located on Fe sites, so inducing a higher 
inversion degree with respect to Ca005 and a small contraction of the lattice parameter.

In Figure 5a,b, SEM images of Gd01 and ZnFe-SS clear up the morphological differences 
between the samples from MW synthesis and solid state, giving evidence of a higher surface/

Figure 5. SEM images of Gd01 (a) and ZnFe-SS (b); data (c) and color map (d) from EDS elemental analysis for Gd01 
sample.
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Figure 6. (a) Hysteresis loops at 300 K and at 10 K (in the inset) for Ca005; (b) ZFC and FC magnetization data for the 
same sample.

volume ratio for MW samples with respect to solid-state one. From MW, rounded particles 
(lower than 100 nm) aggregates with large and open pores, regardless the doping ion, can be 
seen. This aspect can be due to the evolution of gases from nitrates and citric acid (such as NO2 
and CO2) during the heating process in the microwave oven. The solid-state synthesis also 
leads to aggregates, but with larger rounded particles. The electronic microanalysis allowed 
us to verify that the stoichiometric ratio between the different elements was maintained in the 
final products. In Figure 5c, as an example, the EDS analysis of Gd01 sample is reported. The 
atomic percentages of all the elements are in excellent agreement with the stoichiometric val-
ues, within the EDS detection limit, suggesting that the ferrites possess the expected composi-
tion and no ions loss occurred. The maps of the different elements show good homogeneity, 
suggesting that Gd ions are well distributed in the sample. A similar behavior was observed 
for all the undoped and the other doped samples.

2.2.3. Magnetic results

Hysteresis cycles at RT and at 10 K have been measured as well as the zero-field and field cooled 
magnetization curves in temperature. The magnetic data have been carefully analyzed [59], and 
they provide a basic proof of the RT superparamagnetic behavior, essential requirement in mag-
netic hyperthermia. Examples for the hysteresis curves at RT and 10 K are reported in Figure 6a 
for the Ca005 sample, as well the relative ZFC and FC magnetization curves (Figure 6b).

The magnetic behavior for all the samples is summarized in Table 4, where all the functional 
parameters are reported.

We found, for all the MW samples, a superparamagnetic behavior with saturation magneti-
zation at RT between 6 and 10 emu/g at the maximum applied magnetic field of 3 T, with a 
more effective role played by Ca ions with respect to Gd ions substitution. A fair agreement 
is found with the MS values reported in the literature for pure and doped zinc ferrite spinels 
having comparable grain size and prepared by means of combustion synthesis or other meth-
ods [10, 60, 62–64]. In ZnFe2O4, the inversion promotes super exchange interactions, in turn 
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responsible of higher MS values with respect to the regular spinel. Magnetization data give 
evidence on the effective role of inversion degree, even if MS values correlate in a complex 
manner with the spinel inversion.

2.2.4. Raman results

In Figure 7, the Raman spectra of pure and doped MW ZFO samples are reported together 
with pure ZFO sample obtained by solid state synthesis.

TB 
(K)

TIrr 
(K)

HC (300 K) 
(Oe)

MRem (300 K) 
(emu/g)

MSat 
(300 K–30 kOe) 
(emu/g)

HC (10 K) 
(Oe)

MRem (10 K) 
(emu/g)

MSat(10 K–30 kOe) 
(emu/g)

ZnFe-SS 24 24 0 0 Linear behavior 
(5.3)

80 0.6 30.4

ZnFe 42 70 Negl Negl 8.7 (S shape) 115 3.3 38.2

Al01 50 100 Negl Negl 6.7 (S shape) 350 3.4 26.7

Ca005 45 100 Negl Negl 10.0 (S shape) 250 5.2 45.0

Ca025 52 70 Negl Negl 5.8 (S shape) 100 2.3 21.5

Sr005 53 85 Negl Negl 8.1 (S shape) 90 1.6 18.2

Gd01 34 60 Negl Negl 6.7 (S shape) 115 2.8 43.7

Table 4. Different functional parameters derived from magnetization experiments: (i) the blocking temperature, TB, as 
defined in the introduction; (ii) the irreversibility temperature, TIrr, corresponding to the merging of ZFC and FC curves 
and its distance from TB (TIrr gives suggestions about spin and structural disorder of nanoparticles also come from the 
temperature); (iii) coercive field Hc, remnant and saturation magnetization (MRem and MSat) both at RT and 10 K. The term 
negligible (Negl) means lower than 5 Oe for Hc, and lower than 10−2 for Mrem.

Figure 7. Raman spectra at RT in the region from 100 to 800 cm−1 for all the samples investigated.
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same sample.
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For all the samples, a well-defined first order Raman scattering pertinent to the ferrite phase 
has been detected with the most prominent signals around 650 cm−1 (A1g mode) accompanied 
by the other modes at lower energy. The substantial invariance of the Raman features for all 
the samples indicates a good stability of the spinel structure. The lower total Raman yield 
and the broadening of the signals of MW samples are consistent with the lower density and 
smaller crystallite size of the MW powders as derived by XRD analyses. Doping seems to 
play a negligible role in the peak positions, with the exception of Ca025 sample. For this heav-
ily doped sample, the higher bands move at higher energies, while the F2g(2) signal further 
decreases in energy. For Ca and Gd samples, a weak feature at around 220 cm−1, probably 
due to the F2g(1) mode, is present. By comparing the pure samples, we can notice a weak, but 
observable, red-shift for all the Raman features of the MW sample. This fact is compatible 
with the reduction of crystallite size (11 nm for ZnFe and 22.9 nm for ZnFe-SS). The peak 
position of A1g moves from 642.5 to 638.5 cm−1, while the F2g(2) peak is peaked at 345.0 cm−1 for 
ZnFe-SS sample and at 334.0 cm−1 for ZnFe one.

The lattice parameter value could play a role in this red shift. According to [44], the 
changes in Raman line position are related to the changes in the lattice parameter by the 
relationship Δωi = −3 γi(q)ωi(q)(Δa/a0), where γ is the Gruneisen mode parameter and Δωi 
is the shift of Raman line. The values of γ taken by [27] are 0.72 for A1g mode and 1.88 for 
the F2g lower energy mode. From the lattice parameters reported in Table 3, we derive an 
expected Raman shift of about 2.0 and 3.5 cm−1 for A1g and F2g modes, respectively. The 
measured shifts are greater and thus the lattice parameter by itself cannot account for the 
observed Raman softening, for which the role of inversion in the spinel structure must be 
considered.

As discussed in the previous section, all the Raman data in the region 200–800 cm−1 have been 
treated by best-fitting procedures. Due to the different involved masses, we used couples of 
oscillators for the three main Raman features with an additional curve for the low energy 
weaker signals. Even for higher doping levels (Al01, Gd01 and Ca025), we avoid to introduce 
a third oscillator. A very satisfactory agreement with experimental data has been obtained. As 
an example, we report the result for sample ZnFe-SS in Figure 8.

Figure 8. A representative example of best-fitting of the Raman spectrum in the range of 100–800 cm−1 for sample ZnFe-SS.
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In particular, for the whole set of samples, the A1g band is well fitted by the overlapping of 
two signals: the first, centered at around 641 cm−1, gives the main contribution and the second, 
centered at around 685 cm−1, results in a shoulder at higher energies. The energies are in good 
agreement with those expected for modes inside ZnO4 and FeO4 units. From the intensities 
of these bands, by applying the simple formula I685/(I685 + I641), we could estimate the inver-
sion degree obtaining, for ZnFe-SS sample, i.e., our standard reference, a value equal to 0.095, 
slightly higher than 0.07, derived from XRD analysis.

The results for inversion degree are reported in Figure 9, where the same parameter from 
XRD analyses is already shown for comparison.

Even if absolute values from the two methods do not coincide, a common trend is evidenced 
and the highest inversion is found for Ca025 from both the techniques. Anyway, the discrepan-
cies can be due to the different penetration depths of the two probes leading to the detection of 
different structural features, especially when clustered nanometric particles are involved. XRD 
sampling involves the bulk of the sample while Raman measurements probe mainly the sur-
faces, i.e., the most defective and disordered sample zones and thus it is not surprising that for 
undoped and low-level doped samples higher inversion degree are derived from Raman. On 
the contrary, for Al01 and Ca025 samples, a slightly higher inversion degree is derived from 
XRD analysis. In these cases, we have the higher doping level; in addition the ionic radii of 
Ca and Al ions are markedly higher and lower, respectively, than that of Zn and Fe ones with 
respect to other samples, and the differences in ionic radii with respect to the substituted ions. In 
fact, Ca ions are markedly greater, while Al markedly lower than Zn and Fe ones [61]. In addi-
tion, Ca025 powders exhibit the lower crystallite size. All these elements can lead to an increase 
of inversion degree even in the core of nanoparticles. Finally, we remark that at higher doping 
level, the contribution of substituents in Raman modes can give rise to a proper vibration at a 
specific energy. The two Lorenztian model used to interpolate A1g modes remain effective even 
with minor physical meaning and the error in inversion degree estimation can grow.

Figure 9. Inversion degree parameters obtained from Raman and XRD data as explained in the text, for all the synthesized 
ferrite samples. For each sample several Raman runs have been performed in different sample zones to obtain an average 
inversion degree with a range of variation of about 10%.
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Nevertheless, it is important to underline, as evidenced in Figure 10, that the best-fitting pro-
cedure with two lorentzian curves allows a very good interpolation of the experimental data.

Apart from the estimation of inversion degree, from the fitting procedures the Raman band 
parameters have been derived for all the samples. Figure 11 shows the integrated intensities 
and linewidths and allow to graphically appreciate what already observed above. A marked 
decrease in total Raman yield for Ca025, especially for the component peaked at 648 cm−1. This 
component is the most affected by the substitution on A site, thus confirming the attribution 
for this mode.

As a final remark, one can infer that all the Raman data from MW samples indicate a good 
crystalline quality, absence of impurities or at least below the threshold of sensitivity, but 
in any case in agreement with results from XRD and morphological and chemical analyses. 
Thus, the magnetic functional parameters should be considered as intrinsic of the ZFO matrix, 
eventually doped.

Anyway, from what discussed in Section 2.1, the Raman experimental set-up allows us to eval-
uate the stability of the pure and doped MW ZFO powders under laser irradiation and thus 
to infer about the presence of cluster of maghemite. It is difficult to appreciate the  presence of 
maghemite directly from the Raman spectra, even after detailed spectral analyses. Hence, all 
the samples were evaluated by means of thermal cycles. Neutral filters with optical density 
equal to 2, 1, 0.6, 0.3, and 0 were used leading to power density values from 5 × 103 to 5 × 105 
W/cm2. The samples were tested in different regions.

In Figure 12a and b, we report the results from the sample Al01 and the sample Sr005, respec-
tively. These figures show two different behaviors in term of phase stability.

Figure 10. Raman data and curves from best-fitting runs for (a) ZnFe and (b) Sr005.
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Figure 11. (a) Integrated intensities and (b) linewidths for the two lorenztian curves derived from the best fitting of A1g 
modes for all the investigated samples.

Figure 12. Raman spectra of Al01 (a) and Sr005 (b) samples collected during a thermal cycle. The samples were irradiated 
for 5 min and then measured at the selected power density.
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Figure 12. Raman spectra of Al01 (a) and Sr005 (b) samples collected during a thermal cycle. The samples were irradiated 
for 5 min and then measured at the selected power density.
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The sample Sr005, even if thermally treated under laser light, remains stable showing the 
same Raman spectrum during the whole laser-induced thermal cycle. Small peak shifts are 
due to temperature effects on lattice parameters. On the contrary for Al01 sample, it is evi-
dent that upon irradiation, the Raman spectrum of the Al01 change markedly and the typical 
Raman features of hematite appear when the sample is maintained under laser light having 
a power density equal to 2 × 105 W/cm2. When the laser light is attenuated at the end of the 
thermal cycle, the signal of hematite is still observable indicating a stable conversion. This 
is an indirect proof that at the beginning of the thermal cycle nanoregions in the irradiated 
volume had a structure different from the proper ZFO structure. It is likely that nanoregions 
of maghemite or highly defective Zn deficient zinc ferrite layers were present. We underline 
that the grain sizes for Al01 and Sr005 are similar.

Only three samples exhibit a stable pure zinc ferrite phase with no hematite detected at 
the end of the thermal cycle: ZnFe-SS, Ca025, and Sr005. The first exhibited a paramagnetic 
behavior, while the latter were found to be superparamagnetic. The phase stability proved by 
monitoring the Raman spectrum under laser heating is fundamental to validate the quality of 
the powders with good magnetic functional parameters, in particular in view of applications 
in biomedical field.

3. Conclusions and outlook

This chapter gave a look on the potential of Raman spectroscopy when applied to nanosized 
zinc ferrites. The nanostructured spinel ZnFe2O4 display a peculiar mixing of high-quality 
functional properties, and it is used in magnetic storage, ferrofluids, catalysis, and biomedi-
cal applications, as for instance theranostics and hyperthermia. For the latter applications, a 
strong requirement is the superparamagnetic behavior at RT, which take place in zinc fer-
rites thanks to the nanometric scaling. This behavior has been revealed even in pure ZFO 
nanoparticles due to the inversion between divalent and trivalent cations on the tetrahedral 
and octahedral sites of the spinel-type structure. In this frame, thanks to its intrinsic sensi-
tivity to chemical and structural composition, Raman spectroscopy has been widely used to 
monitor cations distribution in pure and doped zinc ferrites. In the first part of the chapter, the 
state of the art concerning the results from Raman scattering in pure and doped zinc ferrites 
has been presented in connection to the different synthesis methods employed to obtain high 
quality nanostructured ferrites. It appears clear how detailed analyses on Raman data allow to 
evaluate the influence of nanometric scaling on Raman lines features—peak energies, widths 
and shape, to obtain information on the inversion degree, to reveal the presence of extrinsic 
iron oxides phases like hematite or magnetite and to monitor stability of spinel ferrites vs. 
light exposure or thermal treatment. This information is essential to assess the functional qual-
ity of the materials and it is essential to study and understand the close correlation between 
functional parameters and morphology, gran size, intentional doping, cation distribution, and 
nanoparticle architecture. Indeed magnetic, structural and chemical purity and homogeneity 
of nanoparticles must be thoroughly verified because even low amount of extrinsic phases can 
alter the functional properties. Indeed, low amount of hematite or maghemite can alter the 
long-term stability of nanoparticles especially in biological environment, favoring aggregation.
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In the second part of the chapter, we presented original results from room temperature 
micro-Raman studies on nanostructured undoped ZnFe2O4, Zn1−xCaxFe2O4 (x = 0.05 and 0.25), 
ZnFe1.9Gd0.1O4, Zn0.95Sr0.05Fe2O4, and ZnFe1.9Al0.1O4 doped ferrites. The samples have been pre-
pared by using the microwave-assisted combustion method, a rapid, green, and simple syn-
thesis route, able to ensure good physical and chemical properties. We underline the relevance 
of Ca substitution due to the low toxicity of the substituent; on the other side, Gd doping is 
rarely reported in zinc ferrites. Raman experiments have been accompanied by detailed analy-
ses on morphological, compositional, structural, and magnetic characterization. Thus, results 
from XRD, SEM-EDS are briefly presented as well as the magnetic behavior. A detailed analy-
sis of A1g, Eg, 3F2g Raman modes has been performed and Raman band parameters have been 
derived from best-fitting procedures and carefully compared to literature data. The results 
have been discussed in relation with grain size, inversion degree and doping of zinc ferrite 
spinel. An optimum purity level and homogeneity and crystallite sizes lower than 11 nm were 
determined for the doped samples. The inversion degree of the different samples was derived 
by both Raman and XRD data and a well agreement has been observed. The superparamag-
netism seems to be favored in Ca doped samples, while in Gd doped one it is almost negli-
gible. This is clearly associated to the inversion induced by the doping in the tetrahedral site. 
In addition by Raman studies we evaluated the stability of pure and doped ZnFe2O4 with 
laser heating just to reveal the presence of maghemite in the samples. This set of data gives 
evidence to the ability of Raman spectroscopy in a typical problem of solid-state material 
science. Finally, the present results will be the bases of further works aimed to exploit SERS 
effect using non-metallic nanostructured zinc ferrites eventually functionalized for specific 
biomedical applications.
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Abstract

Ferroelectrics systems are of great interest from the fundamental as well as applications
points, such as ferroelectric random access memories, electro-optic switches and a num-
ber of electro-optic devices. Curie temperature (TC) is one of the important parameters of
ferroelectrics for high-temperature applications. Particularly, the optical modes, which
are associated with the ferroelectric to paraelectric phase transition, are of great interest.
Structural transformations that alter the crystal symmetry often have a significant effect
on the Raman spectroscopy. This chapter systematically studies the type ferroelectric
oxides and rare earth element doped ferroelectric materials such as PbTiO3-Bi(Mg0.5Ti0.5)
O3 (PT-BMT), SrxBa1�xNb2O6 (SBN), Pb1�1.5xLaxZr0.42Sn0.4Ti0.18O3 (PLZST), Bi1�xLaxFe1�y
TiyO3 (BLFT) and (K0.5Na0.5)NbO3-0.05LiNbO3 (KNN-LN) and so on synthesis of single
crystal/ceramic and optical phonon vibration modes and the improvement of the Curie
temperature characteristic using spectrometry measurements. The TC, distortion degree,
and phase structure of the ferroelectric materials have been investigated by temperature-
dependent Raman spectroscopy. Meanwhile, the important physical parameters exhibited
a strong dependence on dopants resulting in structural modifications and performance
promotion.

Keywords: ferroelectrics, Raman spectra, vibration modes, phase transitions, Curie
temperature

1. Introduction

As we know, ferroelectric ceramics were first found in barium titanate ceramic with the
ferroelectricity in the 1940s [1]. Since that time, the ferroelectric material with high resistivity,
good fatigue resistance characteristic and high dielectric constant, pyroelectric detector, uncooled
infrared detectors, uncooled infrared focal plane arrays and ferroelectric memory, and other
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Abstract

Ferroelectrics systems are of great interest from the fundamental as well as applications
points, such as ferroelectric random access memories, electro-optic switches and a num-
ber of electro-optic devices. Curie temperature (TC) is one of the important parameters of
ferroelectrics for high-temperature applications. Particularly, the optical modes, which
are associated with the ferroelectric to paraelectric phase transition, are of great interest.
Structural transformations that alter the crystal symmetry often have a significant effect
on the Raman spectroscopy. This chapter systematically studies the type ferroelectric
oxides and rare earth element doped ferroelectric materials such as PbTiO3-Bi(Mg0.5Ti0.5)
O3 (PT-BMT), SrxBa1�xNb2O6 (SBN), Pb1�1.5xLaxZr0.42Sn0.4Ti0.18O3 (PLZST), Bi1�xLaxFe1�y
TiyO3 (BLFT) and (K0.5Na0.5)NbO3-0.05LiNbO3 (KNN-LN) and so on synthesis of single
crystal/ceramic and optical phonon vibration modes and the improvement of the Curie
temperature characteristic using spectrometry measurements. The TC, distortion degree,
and phase structure of the ferroelectric materials have been investigated by temperature-
dependent Raman spectroscopy. Meanwhile, the important physical parameters exhibited
a strong dependence on dopants resulting in structural modifications and performance
promotion.

Keywords: ferroelectrics, Raman spectra, vibration modes, phase transitions, Curie
temperature

1. Introduction

As we know, ferroelectric ceramics were first found in barium titanate ceramic with the
ferroelectricity in the 1940s [1]. Since that time, the ferroelectric material with high resistivity,
good fatigue resistance characteristic and high dielectric constant, pyroelectric detector, uncooled
infrared detectors, uncooled infrared focal plane arrays and ferroelectric memory, and other

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.72770

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



fields has great application prospect [2–5]. In recent years, complex mixed-ion ferroelectric
materials have been extensively investigated in order to achieve optimum properties as well as
to understand the underlying factors for property tweaking [6–9]. Therefore, the ferroelectric
materials are considered to be one of the most practical materials in the future.

The ABO3 ferroelectric materials have achieved wide usage owing to their superior electrome-
chanical properties (Scheme 1 shows the typical structure). Investigations of bulk ferroelectric
materials have demonstrated good macroscopic homogeneity of their properties and clear
ferroelectric behavior [2]. However, the development of knowledge about ferroelectric behav-
ior at the submicrometer level is relatively slow. It has been found that the structural and
chemical factors such as grain size, strain, stoichiometric and compositional homogeneity and
phase structure, have great effect on optimization and reproducibility of the property coeffi-
cients in ferroelectric materials [10–12]. Therefore, a further investigation should be necessary
in order to illustrate the physical mechanism in these ferroelectrics.

It is important to remember that the experimentally obtained parameters depend primarily on
the spatial magnitude and time-scale of the measured physical phenomena, especially for study-
ing the structure–property correlations in these materials. Raman spectroscopy is a sensitive
technique for investigating the structure modifications and lattice vibration modes, which can
give the information on the changes of lattice vibrations and the occupying positions of doping
ions. Structural changes that alter the crystal symmetry often have a significant effect on the
Raman spectrum. In addition, spatially resolved Raman spectroscopy can be used to probe the
chemical homogeneity at sub-micrometer levels. This chapter provides a review of systematic
Raman scattering study on the phase transition behavior in perovskites, tungsten bronze,
Aurivillius layered, multiferroics and lead-free bulk materials. The effect of A- and B-site sub-
stitutions on the Raman spectra and phase transition behavior of these materials have been
studied in detail. This chapter is arranged in the following way. In Section 1, research back-
ground; In Section 2, detailed growths of the ferroelectric materials and Raman experiment; In
Section 3, results of Raman spectra in PbTiO3-Bi(Mg0.5Ti0.5)O3 (PT-BMT), SrxBa1�xNb2O6 (SBN),
Pb1�1.5xLaxZr0.42Sn0.4Ti0.18O3 (PLZST), Bi1�xLaxFe1�yTiyO3 (BLFT) and (K0.5Na0.5)NbO3-0.05LiN
bO3 (KNN-LN); at last, the main results and remarks are summarized.

Scheme 1. Schematic representation of the typical ABO3 ferroelectric structure.

Raman Spectroscopy254

2. Experiment details

2.1. Fabrication of ferroelectric materials

The ferroelectric single crystals have been grown by a high temperature solution method (flux
method) [13, 14]. High-purity powders were selected as starting materials. The raw material
powders were stoichiometrically weighed, mixed by milling with zirconia media in the etha-
nol as a solvent. After drying. The powders were calcined at a certain temperature for hours to
form the desired perovskite phase. Details of the fabrication process for the single crystals can
be found elsewhere [13].

The bulk ceramics were fabricated by a conventional solid state reaction sintering, using the
appropriate amount of reagent grade raw materials [15, 16]. The samples were sintered at
different temperature for several hours in air atmosphere, and then remilled for several hours to
reduce the particle size for sintering. The calcined powders were added with 8 wt.% polyvinyl
alcohol (PVA) as a binder. Before Raman measurements, the ceramics with the diameter of
15 mm and the thickness of 1 mm were rigorously single-side polished and cleaned in pure
ethanol with an ultrasonic bath and rinsed several times by deionized water.

2.2. Raman experiment details

Raman scattering experiments were carried out using a Jobin-Yvon LabRAM HR 800 UV
micro-Raman spectrometer, excited by 632.8 nm He-Ne laser or 488 nm Ar laser and recorded
in the frequency range of 10–1000 cm�1 with a spectral resolution of 0.5 cm�1. For the different
temperature Raman spectra, we choose a 50� microscope with a long working distance of
18 mm. The spectrometer grating can be choosed by 600, 1800 or 2400 grooves/mm grating
which is depending on the different excitation wavelength. In order to learn more about the
variation trend of vibration modes, all of the experimental spectra were fitted with indepen-
dent damped harmonic oscillators. The polarized Raman spectra were recorded in back-
scattering geometry in parallel <x|zx|y > (VH) and perpendicular <x|zz|y > (VV) polarization
configurations. Temperature dependent Raman spectra were collected with a THMSE 600
heating/cooling stage (Linkam Scientific Instruments) in the temperature range from 77 to
800 K with a resolution of 0.1 K.

3. Results and discussion

3.1. PbTiO3-based single crystals

PbTiO3 (PT)-based perovskite compounds are important multifunctional materials, which
have been investigated in the last half century due to their controllable physical properties.
Most recently, the research hotspot for PbTiO3-BiMeO3 ferroelectrics have stimulated much
interest [14]. A range of compelling information on thermal expansion behavior and lattice
dynamics of novel ferroelectric perovskite-type 0.62PbTiO3-0.38Bi(Mg0.5Ti0.5)O3 (PT-BMT) sin-
gle crystal has been revealed by means of temperature-dependent X-ray diffraction and polar-
ized Raman scattering. Figure 1 shows the polarized Raman spectra of 0.62PT-0.38BMT single
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crystal at representative temperature of 80 K. It can be found that the Raman spectra is consistent
with previous reports of the tetragonal crystal structure. Comparing to the theoretical calculations
and experimental results, three main regions with different kinds of vibration in the lattice can be
distinguished: (1) Low frequency below 150 cm�1, which can be associated with vibrations of the
perovskite A-site, involving Pb and Bi ions. (2) Frequency range 150–450 cm�1, which is related to
the Ti-O/Mg-O stretching vibrations. (3) High frequency bands above 450 cm�1 have all been
associated with BO6 vibrations, namely the breathing and stretching modes of the oxygen octahe-
dra. The Raman spectra suggest a certain degree of local B-site chemical order for the 0.62PT-
0.38BMT single crystal with A-site and B-site simultaneously doping.

In order to understand the relationship between negative thermal expansion (NTE) and lattice
dynamic behavior for the 0.62PT-0.38BMT crystal, Figure 2 presents the polarized Raman
spectra in different temperature point from 80 to 850 K. It can be found that the peak position
and intensity of the polarized Raman phonon modes have a decreasing trend with increasing
temperature, while the broadening of the Raman modes is observed, which is consist with the
other ferroelectrics [17]. It should be pointed that around the temperature range of 600–700 K,
the lowest phonon modes occurs (marked by the dashed rectangles). In XRD results, we can
also found the similar anomalies range (different coefficient of thermal expansion values in
Figure 3). Thus, there are some minor structural changes in the tetragonal PT-BMT crystal,
which is corresponding to the change of the Raman phonon modes above 700 K. This phe-
nomenon is the result of interaction by spontaneous volume ferroelectrostriction mechanism
and the dynamics of the polar nanoregions (PNRs).

Figure 3 shows the different temperature Raman spectra with different changing trend. As
we know, an abnormal phonon softening upon heating can be detected by high resolution Raman
spectra if there is any phase transition change. From the 0.62PT-0.38BMT Raman spectra, one clear
anomaly is observed at about 670 K, which is quite different from the phase transition tempera-
ture. We found the Curie temperature of this single crystal is located at about 800 K through
the XRD pattern and dielectric permittivity experiment. The PNRs can play an important role in

Figure 1. The polarized VH and VV Raman spectra of 0.62PT-0.38BMT single crystal at 80 K. The peak assignment is
based on the individual vibration mode, which is fitted by Lorentz function (Figure reproduced with permission from
[14]. Copyright 2016, Royal Society of Chemistry).

Raman Spectroscopy256

lead-based ferroelectric materials. Note that the physical properties of the single crystal have some
linear changes near phase transition, for example the refractive index n, lattice parameters, and
unit cell volume V. Thus, the abnormal increasing for the soft mode indicates some structure
changes from the crystal Raman spectra. In the whole temperature range, two different slopes of
lines are observed (�0.011 and �0.030 cm�1 K�1), which can be attributed to the variation of the
soft mode frequency induced by the local spontaneous polarization (PS) inside the PNRs [18–20].
Therefore, the various tendency of the Raman soft mode frequency with temperature agrees well
with the PNRs in Pb-based ferroelectrics, in which unit cell volume deviates from linear thermal
expansion at Burns temperature according to the XRD results in Figure 3. The current Raman
study presents a novel method to characterize the relationship between the NTE and PS of
perovskite ferroelectric materials.

Figure 3. Temperature dependence of the lattice parameters and unit cell volume of the 0.62PT-0.38BMT crystal. FE(T)
and PE(C) mean ferroelectric tetragonal phase and paraelectric cubic phase, respectively. The phonon frequency of soft
mode as a function of temperature for 0.62PT-0.38BMT crystal. The solid lines indicate the different decrement of the soft
mode with temperature (Figure reproduced with permission from [14]. Copyright 2016, Royal Society of Chemistry).

Figure 2. Temperature evolution of Raman intensities for 0.62PT-0.38BMT single crystal. The dashed rectangles mark the
temperature ranges of the most pronounced changes (Figure reproduced with permission from [14]. Copyright 2016,
Royal Society of Chemistry).
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3.2. Tungsten bronze niobate ferroelectrics

Disordered ferroelectric systems are of great interest from the fundamental as well as applica-
tions points of view. The uniaxial relaxor ferroelectric SBN, which is of particular interest due
to its well-known pyroelectric, electro-optic, and non-linear optical properties, has some poten-
tial applications such as holographic data storage, and generation of photorefractive solitons
[21]. The aim of this part is to investigate the lattice vibration of the SrxBa1�xNb2O6 ceramics
with different Sr/Ba ratios studied by Raman spectroscopy. The physical mechanism of the
ferroelectric to paraelectric phase transition is found from the soft mode variation with the
temperature. Figure 4 shows Raman spectra of the SBN ceramics recorded at 150 K with
different Sr compositions. The A1g mode corresponding to a stretch type vibration of the
NbO6 octahedron decrease with increasing the Sr/Ba ratio. The Raman shift of the modes
decreases from 643 and 612 cm�1 to 636 and 605 cm�1, respectively. Another important feature
observed in Figure 4 is that the lowest modes (labeled with “LM”) at about 42 cm�1 can be
detected, which is inferred to the soft mode of the SBN ceramics. The soft mode is eigenvector
approximated the ionic displacements occurring at a crystallographic phase transition in the
ferroelectric material.

From the temperature dependence of the Raman spectra for all SBN ceramics in the tempera-
ture range from 150 to 750 K, the temperature evolution of the soft mode peak position is
presented in Figure 5. The frequency of the soft modes decreases from 42 to 38 cm�1 with the
Sr composition at 150 K. The phenomenon can be attributed to the A site substitution origi-
nated in the smaller ionic radius of Sr, as compared to Ba element. All frequency of the soft
mode first decreases and then disappears in the SBN paraelectric phase. The TC of the SBN
ceramics shifts to lower temperature with increasing Sr composition. It can be well expressed
by TC (x) = 566 � 371x, where x is the Sr molar fraction. According to changes of the soft
modes, it is clear that increasing Sr composition leads to the shrinking of TC.

Figure 4. (a) Experimental Raman spectrum (dotted lines) and Lorentzian fitting results (solid lines) of the Sr0.3Ba0.7Nb2O6

ceramic at 150 K. The arrows indicate that the lowest phonon mode is located at about 40 cm�1 (labeled with “LM”).
(b) Raman spectra of the SBN ceramics with different Sr composition recorded at 150 K. (c) The A1g Raman-active phonon
mode at about 636 and 605 cm�1 as a function of Sr composition.
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3.3. Aurivillius-type bismuth layer-structured ferroelectrics

Recently, bismuth layer-structured ferroelectrics (BLSFs) have gained increasing attention for
the promising applications of non-volatile random access memories (NvRAMs), optical
switches and high-temperature piezoelectric devices, because of their relatively high Tc, low
dielectric dissipation, and excellent hysteresis behavior [22–25]. Calcium bismuth niobate
(CaBi2NbO9, CBN) is an Aurivillius layered material with the ultra-high Tc and relative higher
thermal depoling temperature. The different properties induced by doping in BLSFs are
always related to the structure distortions. The spectra of vibration modes in different frequen-
cies could be sensitive to describe the structural distortion. As an example, Figure 6 shows
temperature-dependent Raman spectra of CaBi2Nb1.97W0.03O9 (W3) ceramic and the CBNW
ceramics with different W compositions at 100 K. The results suggest that the peak center of ν5
deviated from the vertical dash line, and the color (in the web version) which represented the
intensity of phonon mode faded with increasing temperature. This phenomenon means that
the ν5 phonon mode was soften. However, there is no obvious change in the ν6 phonon mode
upon heating, as compared to the behaviors of ν5. The similar Raman spectra with different W
compositions also confirm that CBN doped with tungsten can keep single phase.

To further investigate the evolution of the ν5 and ν6 phonon modes, Raman spectra are well-
fitted with multi-Lorentz oscillators. Figure 7 shows Raman scattering results and well-fitted
peaks with multi-Lorentz oscillators for all samples at 100, 300 and 800 K. The frequency,
intensity and full width at half maximum of each phonon mode at different temperature can be
derived from the fitting. The frequencies of the ν5 and ν6 phononmodes forW3 are presented in
Figure 8. The shift of phonon modes can be explained by a simplified Klemens model [26].

From the fitting result according to the model, we can conclude that the change of the Raman
phonon mode is dominated by the lattice expansion and thermal evolution. However, the
intrinsic anharmonic coupling of phonons is quite weak for ν5. We can observe a slightly blue
shift for ν6 phonon mode, while an opposite trend for ν5 in the whole temperature range. The

Figure 5. The soft mode frequency as a function of the temperature for the SBN ceramics. The dashed arrows show the
temperature points where the soft mode vanishes.

Structural Transformations in Ferroelectrics Discovered by Raman Spectroscopy
http://dx.doi.org/10.5772/intechopen.72770

259



3.2. Tungsten bronze niobate ferroelectrics

Disordered ferroelectric systems are of great interest from the fundamental as well as applica-
tions points of view. The uniaxial relaxor ferroelectric SBN, which is of particular interest due
to its well-known pyroelectric, electro-optic, and non-linear optical properties, has some poten-
tial applications such as holographic data storage, and generation of photorefractive solitons
[21]. The aim of this part is to investigate the lattice vibration of the SrxBa1�xNb2O6 ceramics
with different Sr/Ba ratios studied by Raman spectroscopy. The physical mechanism of the
ferroelectric to paraelectric phase transition is found from the soft mode variation with the
temperature. Figure 4 shows Raman spectra of the SBN ceramics recorded at 150 K with
different Sr compositions. The A1g mode corresponding to a stretch type vibration of the
NbO6 octahedron decrease with increasing the Sr/Ba ratio. The Raman shift of the modes
decreases from 643 and 612 cm�1 to 636 and 605 cm�1, respectively. Another important feature
observed in Figure 4 is that the lowest modes (labeled with “LM”) at about 42 cm�1 can be
detected, which is inferred to the soft mode of the SBN ceramics. The soft mode is eigenvector
approximated the ionic displacements occurring at a crystallographic phase transition in the
ferroelectric material.

From the temperature dependence of the Raman spectra for all SBN ceramics in the tempera-
ture range from 150 to 750 K, the temperature evolution of the soft mode peak position is
presented in Figure 5. The frequency of the soft modes decreases from 42 to 38 cm�1 with the
Sr composition at 150 K. The phenomenon can be attributed to the A site substitution origi-
nated in the smaller ionic radius of Sr, as compared to Ba element. All frequency of the soft
mode first decreases and then disappears in the SBN paraelectric phase. The TC of the SBN
ceramics shifts to lower temperature with increasing Sr composition. It can be well expressed
by TC (x) = 566 � 371x, where x is the Sr molar fraction. According to changes of the soft
modes, it is clear that increasing Sr composition leads to the shrinking of TC.

Figure 4. (a) Experimental Raman spectrum (dotted lines) and Lorentzian fitting results (solid lines) of the Sr0.3Ba0.7Nb2O6

ceramic at 150 K. The arrows indicate that the lowest phonon mode is located at about 40 cm�1 (labeled with “LM”).
(b) Raman spectra of the SBN ceramics with different Sr composition recorded at 150 K. (c) The A1g Raman-active phonon
mode at about 636 and 605 cm�1 as a function of Sr composition.

Raman Spectroscopy258

3.3. Aurivillius-type bismuth layer-structured ferroelectrics

Recently, bismuth layer-structured ferroelectrics (BLSFs) have gained increasing attention for
the promising applications of non-volatile random access memories (NvRAMs), optical
switches and high-temperature piezoelectric devices, because of their relatively high Tc, low
dielectric dissipation, and excellent hysteresis behavior [22–25]. Calcium bismuth niobate
(CaBi2NbO9, CBN) is an Aurivillius layered material with the ultra-high Tc and relative higher
thermal depoling temperature. The different properties induced by doping in BLSFs are
always related to the structure distortions. The spectra of vibration modes in different frequen-
cies could be sensitive to describe the structural distortion. As an example, Figure 6 shows
temperature-dependent Raman spectra of CaBi2Nb1.97W0.03O9 (W3) ceramic and the CBNW
ceramics with different W compositions at 100 K. The results suggest that the peak center of ν5
deviated from the vertical dash line, and the color (in the web version) which represented the
intensity of phonon mode faded with increasing temperature. This phenomenon means that
the ν5 phonon mode was soften. However, there is no obvious change in the ν6 phonon mode
upon heating, as compared to the behaviors of ν5. The similar Raman spectra with different W
compositions also confirm that CBN doped with tungsten can keep single phase.

To further investigate the evolution of the ν5 and ν6 phonon modes, Raman spectra are well-
fitted with multi-Lorentz oscillators. Figure 7 shows Raman scattering results and well-fitted
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Figure 5. The soft mode frequency as a function of the temperature for the SBN ceramics. The dashed arrows show the
temperature points where the soft mode vanishes.
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different changes between the phonon modes may be ascribed to the unusually strong and
positive intrinsic anharmonicity instead of thermal evolution with increasing temperature. On
the other hand, for all of the ceramics with increasing W composition, we found that the I(ν6)/I

Figure 6. (a) Temperature-dependence of Raman spectra of CaBi2Nb1.97W0.03O9 (W3) ceramics from 100 to 800 K. (b)
Raman scattering of CBNW ceramics with different W compositions at 100 K (Figure reproduced with permission from
[22]. Copyright 2015, Elsevier).

Figure 7. Experimental (dots) and the best fitting (solid lines) Raman spectra of CaBi2Nb2-xWxO9 ceramics with (a) 0, (b)
0.01, (c) 0.03, and (d) 0.05 at 100, 300 and 800 K, respectively (Figure reproduced with permission from [22]. Copyright
2015, Elsevier).
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[(ν5) + I(ν6)] ratio increase with increasing temperature. The result is that the distortion
degrees of perovskite (Nb, W)O6 octahedra decrease with increasing temperature [27], and
the BO6 octahedra distortion predominates the structure distortion with Aurivillius niobate
phase [28]. Thus, it can be concluded that the structure distortion in CBNW ceramics decreases
with increasing W composition. The variation tendency is consistent with the XRD result in
previous study. From the change of the Raman phonon modes with different temperature, we
can see the parameter TC generally decreases with the decrease of structure distortion degree [29,
30]. It was found that the relative peak intensity of I(ν6)/I[(ν5) + I(ν6)] ratio is sensitive for the
distortion degree in ferroelectric materials. The Curie temperature of CaBi2Nb2�xWxO9 decreases
with increasing composition from the Raman results, which is consistent with the results of
dielectric permittivity experiments. The results indicate that the Raman spectrum is an effective
tool for detecting structure distortion and phase transition of ferroelectric materials.

3.4. ABO3 perovskite ceramics

In the past few decades, the complex Pb-based ABO3 perovskite materials have attracted much
attentions due to the excellent properties obtained in the compositions close to morphotropic
phase boundary (MPB) [31]. The A-site substitution plays an important role in phase transition
and more studies are requisite. In this part, the A-site substitution effect on the phase transition
nearMPB is investigated for PLZSTceramics. Transition temperature region and lattice dynam-
ics are systematically discussed according to the temperature dependent Raman scattering
spectroscopy. In addition, a new transient phase called the intermediate phase was found to
exist between AFE and PE phase, which could be induced by defects through increasing
temperature and doping of foreign ions.

Figure 9 depicts room-temperature Raman scattering results and well-fitted deconvolution
peaks for all samples. A sharp increase of relative strength of E(TO2) mode could be observed

Figure 8. (a) Temperature-dependence of Raman phonon mode of ν5 (squares) and ν6 (trilateral). The inset shows the W3
Raman spectra at 100 K using Lorentz fitting. (b) the ratio of I(ν6)/I[(ν5) + I(ν6)] intensity with different W doping
compositions (Figure reproduced with permission from [22]. Copyright 2015, Elsevier).
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at La composition of 2.8%. This indicates that PLZST3.4 ceramic is more likely to be tetragonal
phase rather than the rhombohedral phase in the PLZST2 ceramic. The softing peak upon La
composition is assigned as A1(TO1) symmetry, which stems from splitting of T1u in cubic phase.
The mode softs from 123.4 (PLZST2) to 116.3 cm�1 (PLZST3.4) with an incommensurate drop at
La composition of 2.6%. The fact that both of two dramatic changes occur indicates the phase
transition from rhombohedral to tetragonal structure for La composition between 2.6 and 2.8%.

To elucidate the thermal evolution of PLZST ceramics, temperature dependence of Raman
spectra from 100 to 650 K are shown in Figure 10. We can see all of the Raman modes for the
four PLZST ceramics have a blue shift with increasing temperature. Note that some of them
disappear above 400 K during the cubic phase appearing. The results indicate that there is a
structure transformation at about 400 K. Similar abnormal decrease in Raman intensity of
PLZST ceramics has been detected by the spectra with increasing temperature.

To further investigate the phase transition mechanism, we plot temperature dependence of the
wavenumber from the Raman modes in Figure 11. It can be found that some abrupt variations
in the whole temperature range, which is easily divided into two phase transition regions.
Note that there is a new intermediate phase at about 300 K for all of samples.

Figure 12 shows the phase diagram of PLZST ceramics according to the temperature depen-
dence of Raman spectra. Three different structure phases can be found: AFEO phase, interme-
diate phase, and PEC phase. We can found that the PLZST ceramics have a transformation
from AFEO to the intermediate phase with the composition of Ti exceeds 5.0% at room
temperature. However, all of the ceramics remain cubic phase when the temperature upon
450 K. Note that the PLZST ceramics undergo successive phase transitions with increasing

Figure 9. Raman scattering spectra of Pb1�1.5xLaxZr0.42Sn0.4Ti0.18O3 ceramics with different La composition recorded at room
temperature. The inset shows the frequency variation of A1(TO1) mode and relative strength of E(TO2) mode as a function of
La composition (Figure reproduced with permission from [16]. Copyright 2013, American Institute of Physics).
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Figure 10. Temperature dependent Raman spectra for PLZST ceramics from 100 to 650 K. The symbol (*) represents the
low wavenumber phonon modes (Figure reproduced with permission from [31]. Copyright 2016, Elsevier).
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temperature: from antiferroelectric phase at low temperature to intermediate phase and
paraelectric cubic phase at high temperature. The Curie temperature for PLZST ceramics is
lower than that of pure PZT materials because of some ions doping [32, 33]. Note that the
intermediate boundaries in the phase diagram have a downward trend with Ti composition.
However, the cubic phase boundaries almost remain the same temperature of about 400 K. The
intermediate phase temperature ranges gradually become larger with increasing Ti compositions.
The Curie temperature detected by Raman spectra are consist with the XRD and dielectric
results, which suggests that the Raman spectrum is an effective tool to distinguish different
phase structure in PZT ceramics with different temperature and doping level.

3.5. Multiferroics materials

BiFeO3 (BFO) has been hailed as an important material for magnetoelectric devices due to its
room-temperature multiferroic properties, in which the electric polarization is coupled to anti-
ferromagnetic (AFM) order, allowing for manipulation of magnetism by applied electric fields
and vice versa [34]. During the last several years, intriguing behavior was found in doped BFO
compounds. In this part, we present Raman results on La and Ti codoped BFO ceramics to
systematically study phase transitions induced by the chemical substitution and temperature.

Figure 13 demonstrates the spectra recorded at several characteristic temperatures and well-
fitted deconvolution peaks at 80 K. The frequencies of the phonon modes shift to low energies
and the intensity of all major peaks reduces as the temperature increases from 80 to 680 K. The
modes in higher-frequency range become severely widening and merge into a broadening

Figure 11. The variations of A1(TO1), AFD, E(TO1), and AHC modes as a function of temperature for PLZST ceramics
with different Ti composition. Note that the dashed lines show the boundaries of two adjacent phase structures
(Figure reproduced with permission from [31]. Copyright 2016, Elsevier).
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peak. From the analysis of the mode position with the temperature, the anomalies in phonon
modes suggest a strong magnon-phonon coupling of BLFTO in the present work.

Figure 14 shows composition dependence of the local structural transition temperature (T*) and
Neel temperature (TN). With the increase in the doping compositions of La and Ti, T* and TN
decrease from 580 to 540 K and from 645 to 630 K, respectively. According to La and Ti-codoped
in BFO, an external pressure is induced due to size mismatch of host (Bi, Fe) and substitution (La,
Ti) cations, which leads to the variation of tolerance factor and structural distortions. On the
other hand, the strength of the antiferromagnetic superexchange interaction relies on the Fe-O-Fe
angle. These structural effects weaken the magnetic exchange and decrease TN. Thus, a compli-
cated mechanism induced by the variation of bond length, bond angle, and the exchange
interaction between adjacent magnetic moments could substantially contribute to the shrinking
of Neel temperature. In summary, the Raman phonon modes have abnormal change around 140
and 205 K, which can be ascribed to the strong magnon-phonon coupling. The structural
transition occurred at about 570 K can be detected by the Raman spectra, indicating that the
Raman modes are sensitive to the structure changes and spin reorientation.

3.6. Lead-free ferroelectrics

Recently, KNN based lead-free materials were reported to offer comparable piezoelectric
properties to that of PZT [35]. The (K0.5Na0.5)NbO3-0.05LiNbO3-yMnO2 (y = 0 and 1.0%)
(KNN-LN-M) single crystals have been studied by the Raman spectra from the temperature
300–800 K. Moreover, the thermotropic phase boundaries are observed, indicating the exis-
tence of the mixed-phase region (i.e. PPT) between orthorhombic (O) and tetragonal (T)
phases.

Figure 12. The phase diagram of PLZST ceramics based on the low wavenumber phonon mode variations with the
temperature and Ti composition. The phase transformation regions of AFEO, intermediate phase and PEC characteristics
can be clearly distinguished by the solid dots (Figure reproduced with permission from [31]. Copyright 2016, Elsevier).
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Figure 15 depicts temperature dependence of Raman scattering for the KNN-LN and KNN-
LN-1%MnO2 crystals, respectively. The phase structure of KNN-LN based crystals transforms
from O phase to T phase, then to cubic (C) phase with increasing temperature. The disorder in
the O, T, and C phases can be characterized mainly by the Nb central ion allowed positions,
and then the framework of the established eight-site model will be adopted [36]. In order to
obtain a complete description of the dynamical properties through the successive phase tran-
sitions, it is useful to know the classification of the optical modes and their correlations
between the various phases [37].

Figure 13. Temperature dependence of Raman scattering for the BLFTO ceramics collected in the temperature range from
80 to 680 K. As an example, Raman spectra recorded at 80 K, which were fitted with independent damped harmonic
oscillators, have been indicated on the bottom (Figure reproduced with permission from [34]. Copyright 2014, American
Institute of Physics).

Figure 14. Composition dependence of phase transition temperature T* and Neel temperature TN for the BLFTO
ceramics derived from temperature dependent Raman scattering (Figure reproduced with permission from [34]. Copy-
right 2014, American Institute of Physics).
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For a closer inspection, the peak positions of all modes in each phase are plotted in Figure 16
against the temperature between 300 and 800 K. Frequency shifts and transformations of the
modes are clear at the O-T and T-C boundaries. The trends within each phase consist primarily
of mode softening with increasing temperature, exactly as expected to follow from the lattice
thermal expansion. In the light of all the results, displacive and order–disorder mechanisms
have to be associated in the description of the phase transitions. Thus, the successive phase
transitions in KNN-LN based single crystals derive from competition between a soft phonon
mode and a relaxation mode.

In order to obtain the phase fraction, we assume that one phase at thermal phase boundaries is a
linear superposition of the spectra below and above phase boundaries. As shown in Figure 17,
the fitting Raman spectra at 410–440 K in KNN-LN and KNN-LN-1%MnO2, respectively, are
displayed in comparison with the observed spectra at the same temperature. The fitting spectra
are obtained from the linear superposition of the Raman spectra below and above phase bound-
aries. The coincidence of the experimental and the fitted Raman spectra are well for both
samples, which strongly confirms the coexistence of the O and T phases at the thermal phase
boundary from O to T phase. The mixed structure state at the thermal phase boundaries is due to
sufficient competing mechanical and dipolar interactions between domains in multi-domain
configurations [38]. In single domain case, the system undergoes a series of first-order ferroelec-
tric transitions upon heating, sequentially adopting the O and T ferroelectric phases before
reverting to the C parent phase.

Figure 15. Temperature dependence of Raman scattering for the KNN-LN based single crystals collected in the temper-
ature range from 300 to 800 K and Lorentzian-shaped deconvolution at the temperature of 300 K. The arrows are applied
to separate different phase transition (Figure reproduced with permission from [35]. Copyright 2015, American Institute
of Physics).
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Figure 17. Phase fraction of (a) KNN-LN, and (b) KNN-LN-1%MnO2 single crystals as a function of temperature. Note
that (c) and (d) is the fitting Raman spectra at 410–440 K for KNN-LN and KNN-LN-1%MnO2, respectively (Figure
reproduced with permission from [35]. Copyright 2015, American Institute of Physics).

Figure 16. Temperature dependence of the phonon frequency from KNN-LN based crystals. (a) and (c): The low
frequency range of 10–300 cm�1, (b) and (d): The high frequency range of 400–900 cm�1. Note that different shade regions
indicate that the crystals are located in diverse phase (Figure reproduced with permission from [35]. Copyright 2015,
American Institute of Physics).
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4. Conclusions and outlook

This chapter reports a systematic micro-Raman scattering study on A- and B-site doped lead-
based, tungsten bronze niobate, Bi-layered, ABO3 perovskites, multiferroics and lead-free
ferroelectrics. The processing conditions, substitution, temperature-dependent Raman spec-
tra and the structure–property correlations are discussed in the ceramics and single crystal
forms of these materials. It can be concluded that the Raman spectra can provide us with a
lot of important physical parameters for application in the future, such as spontaneous
polarization, Curie temperature, structure distortion degree, mix-phase region and phase
diagram and so on. The excellent agreement between the Raman, XRD or dielectric observa-
tions of merging of phase transition temperatures in all of the ferroelectric materials with
different doping compositions suggested the powerful tool for detecting phase transition
with solid state spectroscopy.

It should be emphasized that the domains in these ferroelectric materials and their related
phenomena with different conditions, such as electric field, magnetic field and pressure have
not been well investigated. The Raman spectra can be used to characterize the species of
domain (including a/c domains, 90�/180� domains), critical sizes and domain wall in ferro-
electrics. Thus, we can check the domain status by recording the high-resolution Raman
response. Our next goal is to characterize the domain information in these ferroelectric
ceramics and films and identify the factors which can affect the domain structure. We believe
that our research results will be of great significance to the development of microelectronic
physics in the future.
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tions of merging of phase transition temperatures in all of the ferroelectric materials with
different doping compositions suggested the powerful tool for detecting phase transition
with solid state spectroscopy.

It should be emphasized that the domains in these ferroelectric materials and their related
phenomena with different conditions, such as electric field, magnetic field and pressure have
not been well investigated. The Raman spectra can be used to characterize the species of
domain (including a/c domains, 90�/180� domains), critical sizes and domain wall in ferro-
electrics. Thus, we can check the domain status by recording the high-resolution Raman
response. Our next goal is to characterize the domain information in these ferroelectric
ceramics and films and identify the factors which can affect the domain structure. We believe
that our research results will be of great significance to the development of microelectronic
physics in the future.
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Abstract

Raman spectroscopy has remarkable analytical abilities to scientists who want to study 
biological samples. The use of Raman spectroscopy within biologic samples has been 
increasing in the last years because it can provide biochemical information, allows dis-
crimination between two or more sample groups, and, contrary to what happens with 
other spectroscopic techniques, water has no interference in the spectra. Biological 
samples typically do not require extensive preparation, and biochemical and structural 
information extracted from spectroscopic data can be used to characterize different 
groups. This chapter presents the general features of Raman spectroscopy and Raman 
spectroscopic tools relevant to the application in health sciences. In order to emphasize 
the potential of Raman in this research field, examples of its application in oncology, in 
bacterial identification and in dementia diagnosis are given.

Keywords: Raman spectroscopy, metabolomics, diagnosis, health and disease

1. Introduction

Spectroscopy is a relevant tool for biomedical analysis. Significant progresses in the applica-
tion of spectroscopy in clinical field were done in the last years. Spectroscopic techniques pro-
vide information at the molecular level, and it is possible to evaluate functional groups, bond 
types and molecular conformations of the biological components of a sample, once spectral 
signals in vibrational spectra are specific to each molecule and act like a fingerprint.

A spectroscopic-based metabolomic study includes sample collection, sample analysis, statis-
tical analysis and identification of altered metabolites. The resulting data can be translated into 
defining disease biomarkers/pathways, with the generation of a disease metabolic fingerprint.

Vibrational spectroscopy has been proposed as an approach to diagnosis. Raman has a past 
research regarding its potential as a diagnostic tool of a wide range of pathologies using a 
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tion of spectroscopy in clinical field were done in the last years. Spectroscopic techniques pro-
vide information at the molecular level, and it is possible to evaluate functional groups, bond 
types and molecular conformations of the biological components of a sample, once spectral 
signals in vibrational spectra are specific to each molecule and act like a fingerprint.
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wide range of sample types. Although being recognized as not as specific and sensitive as other 
metabolomics techniques, several works already demonstrated the potential of Raman applied 
to health sciences for metabolic fingerprinting because it is possible with only one spectra to 
simultaneously analyze carbohydrates, amino acids, fatty acids, lipids, proteins, nucleic acids 
and polysaccharides with a minimum sample preparation. As Raman is a scattering technique 
and it is not perturbed by aqueous media, it is suitable to analyze biological samples.

For diagnostic purposes, it is expected that Raman spectra of biological samples result in 
quantitative data, so it is essential to define some categorical differentiable classes for data by 
dividing samples in healthy or disease sample classes. For these purposes, chemometric data 
processing is a valuable tool.

Due to Raman spectroscopy features, it is currently widely used in health sciences for spectral 
imaging of cells and tissues, for the in-vivo and ex-vivo diagnosis of tissues, where fiber probes 
can be used, and for biofluid analysis, contributing to a better knowledge of the disease and 
disease diagnosis at the molecular level. This chapter describes the most relevant application 
of Raman in biomedical field.

2. Raman features and sampling

Raman spectroscopy is an optical technique based on inelastic scattering of light due to the 
vibration of the molecules that can provide chemical fingerprints of several samples. In health 
sciences, Raman can be used in DNA analysis, lipids, proteins and amino acids identification, 
bacteria classification and recognition, cell responses, cancer diagnosis and prognosis, and  
dental prosthesis, among others. This wide range of application is due to Raman’s capabilities 
that go far beyond of being a noninvasive and nondestructive method that does not require 
samples preparation. Raman is compatible with aqueous solutions and is also a technique that 
produces results in a short time, requiring less than a minute to obtain a good quality spectrum, 
and no sample preparation is needed. This spectroscopic technique is sensitive to identify many 
different functional groups that produce weak signals in infrared spectroscopy (C═C; S─S; 
C─S). Besides that, it has a highly selective fingerprint that allows the discrimination of similar  
molecules and has high spatial resolution that allows single cell analysis and intracellular imaging.

The ability to use advanced optical technologies in the visible or near-infrared spectral range 
(lasers, microscopes, and optic fibers) is responsible for the growth of Raman spectroscopy 
in medical diagnostic. As molecular changes in cells, tissues or biofluids can be detected and 
quantified by Raman spectroscopy, it is possible to use this technique in the diagnosis of  
diseases and to study the effects of drugs (treatments) in biosystems.

In fact, Raman spectroscopy can offer chemical fingerprints of cells, tissues (in vivo or in-vitro), 
or biofluids. A large range of samples can be used for Raman analysis: formalin-fixed and 
fresh frozen mammalian tissue, fixed cells and biofluids.

Whether a sample is a solid, liquid, powder, slurry, or gas, no sample preparation is normally 
required, and there is no need to dissolution, grinding, glass formation, or pressing in order 
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to obtain good spectroscopic outcome. Raman spectroscopy is also a nondestructive method, 
and it is possible to evaluate the chemical composition of a sample, and the same aliquot can 
be used further to extract additional biological information by using other methodologies [1].

3. Raman spectroscopic variations

In recent past, Raman spectroscopy was known as a technique with low signals requiring 
longer acquisition times. However, recent developments were made to overcome this limita-
tion in the last years. Nonlinear optical effects and metallic nanoparticles are currently used to 
improve Raman signals, fiber-optic Raman probes were introduced and are used for real-time 
in-vivo experiments, and multimodal integration with other optical techniques increased the 
acquisition speed and spatial accuracy. These advances in the accuracy allow the application 
of Raman spectroscopy into clinical diagnosis, and time of analysis allows its clinical use.

Surface enhanced Raman spectroscopy (SERS), Tip Enhanced Raman Scattering (TERS) or 
nano-Raman and resonance effects increase significantly Raman sensitivity to study biologi-
cal samples. SERS increases Raman intensity compared to the usual and weak Raman scat-
tering. These improvement features are sufficient to allow even single molecule detection 
using Raman. SERS is useful in trace material analysis, flow cytometry and other applications 
where the traditional sensitivity/speed of a Raman measurement is insufficient [2]. Resonance 
Raman spectroscopy is a variant of Raman spectroscopy that instead of using laser excitation 
at any wavelength to measure Raman scattering of the laser light, the excitation wavelength is 
used to overlap with an electronic transition. The overlap results in an extraordinary increase 
in scattering intensities, thus detection limits and measurement times can be significantly 
decreased. It is also possible to couple Raman to an optical microscope. Raman microspectros-
copy uses visible and near-infrared excitation lasers and allows to extract molecular proper-
ties of the samples with diffraction-limited spatial resolution. The typical method to obtain 
Raman spectral images is by scanning the sample with the laser spot and then applying a 
uni- or multivariate spectral model to each Raman spectrum [3]. In order to decrease the time 
of analysis, Raman spectral imaging can be based on line-mapping (laser beam is expanded 
to form a line spot on the sample surface) [4].

TERS is a chemical imaging technique that is label-free and have enhanced-resolution. TERS 
imaging is performed with a Raman spectrometer, a scanning probe microscope (SPM) inte-
grated with an optical microspectrometer. The scanning probe microscope provides the 
means for nanoscale imaging and the optical microscope provides the resources to bring the 
light to a functionalized probe, and the spectrometer is the sensor analyzing the light out-
put providing chemical specificity. It is possible to increase the signal to obtain high-spatial 
resolution spectral images for large samples using selective-sampling Raman microspectros-
copy. In this approach, it is possible to (1) obtain information about sample spatial features by 
other optical technique [5] or (2) estimate information in real-time from the Raman spectra [6]. 
When traditional variations of Raman spectroscopy are used to study tissues, the results are 
not good due to insufficient penetration depth. The advance of spatially offset Raman spec-
troscopy (SORS) overcame this limitation enabling spectral measurements until 10–20 mm of 
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tering. These improvement features are sufficient to allow even single molecule detection 
using Raman. SERS is useful in trace material analysis, flow cytometry and other applications 
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Raman spectroscopy is a variant of Raman spectroscopy that instead of using laser excitation 
at any wavelength to measure Raman scattering of the laser light, the excitation wavelength is 
used to overlap with an electronic transition. The overlap results in an extraordinary increase 
in scattering intensities, thus detection limits and measurement times can be significantly 
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copy uses visible and near-infrared excitation lasers and allows to extract molecular proper-
ties of the samples with diffraction-limited spatial resolution. The typical method to obtain 
Raman spectral images is by scanning the sample with the laser spot and then applying a 
uni- or multivariate spectral model to each Raman spectrum [3]. In order to decrease the time 
of analysis, Raman spectral imaging can be based on line-mapping (laser beam is expanded 
to form a line spot on the sample surface) [4].

TERS is a chemical imaging technique that is label-free and have enhanced-resolution. TERS 
imaging is performed with a Raman spectrometer, a scanning probe microscope (SPM) inte-
grated with an optical microspectrometer. The scanning probe microscope provides the 
means for nanoscale imaging and the optical microscope provides the resources to bring the 
light to a functionalized probe, and the spectrometer is the sensor analyzing the light out-
put providing chemical specificity. It is possible to increase the signal to obtain high-spatial 
resolution spectral images for large samples using selective-sampling Raman microspectros-
copy. In this approach, it is possible to (1) obtain information about sample spatial features by 
other optical technique [5] or (2) estimate information in real-time from the Raman spectra [6]. 
When traditional variations of Raman spectroscopy are used to study tissues, the results are 
not good due to insufficient penetration depth. The advance of spatially offset Raman spec-
troscopy (SORS) overcame this limitation enabling spectral measurements until 10–20 mm of 
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the sample and, with this modification, the application of Raman in clinical fields increases 
by collecting the scattered light away from the point of laser illumination [7]. Transmission 
Raman spectroscopy (TRS) is the term used when the collection and illumination points are 
on opposite sides of the sample, and it is quite useful to analyze opaque materials. Besides, it 
was proved to be very useful to read many millimeters of tissues [8]. To increase the resolution 
of Raman microspectroscopy, it is possible to use Coherent anti-Stokes Raman spectroscopy 
(CARS) or stimulated Raman spectroscopy (SRS), both based on nonlinear optical effects that 
upgrade the spatial resolution. Coherent Raman spectroscopy techniques are based on non-
linear effects to increase the speed and spatial resolution of Raman spectroscopy by inducing 
coherent molecular vibrations in the sample increasing resolution. CARS is used to obtain 
image from cells and tissues by exciting the CH stretching vibrations of lipids and proteins 
and SRS allows to obtain high-speed images [9, 10]. Raman spectroscopy is also adaptable 
for fiber-optic probes, making it valuable for medical diagnosis in vivo, for instance in hollow 
organs. The probe should have very reduced dimensions to permit the access to body cavities, 
and the spectra acquisition time should be short to allow accurate measurement [11].

4. Multivariate analysis applied to spectroscopic data analysis

Multivariate analysis tools are used to extract information from spectral data set and to assist 
in biomedical interpretation. Chemometric methods are diverse and offer different approaches 
to extract specific information from the data. These methods used for data interpretation and 
to extract information from complex datasets were usually univariate and therefore they were 
not suitable to describe the sample variation or composition. A range of processing methods 
can be applied to a Raman data set; usually baseline corrections should be performed as a first 
approach, prior to normalization methods and then a wide range of multivariate analysis tolls 
can be applied [12].

Multivariate methods include techniques of multivariate classification (or pattern recogni-
tion techniques) and multivariate regression. Techniques of multivariate classification can 
be divided into unsupervised and supervised learning procedures. In unsupervised pattern  
recognition techniques such as principal-component analysis (PCA) and cluster analysis (CA),  
there is no need for a priori knowledge about the training set samples (spectra). These meth-
ods are used to consider differences and similarities between spectra. By contrast, supervised 
pattern recognition techniques such as linear discriminant analysis (LDA) and artificial neural 
networks (ANNS) require some a priori knowledge, for example, undoubtedly identifying 
samples from disease and samples from healthy cases. In this way, supervised procedures 
allow a more precise classification, while unsupervised methods are useful for an exploratory 
analysis of data.

On the other hand, multivariate regression techniques (or multivariate calibration methods) 
are usually applied to analyze one or multiple molecules of a complex sample that possess 
overlapping spectroscopic signals. These techniques include principal components regression 
(PCR) and partial least squares regression (PLS) (Figure 1).
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5. Raman spectroscopy in cancer diagnosis

A preeminent application of Raman spectroscopy in health sciences is its use in cancer diag-
nosis. According to Cancer Research UK, in 2012, an estimated 14.1 million new cancer cases 
occurred worldwide, resulting in 8.2 million people died [15]. Despite the majority of new 
cancer cases was registered in less-developed countries, a significative number (more than 6 
million cases) occurs in developed regions, with access to advanced medical care and treat-
ments [16]. These data reveal the urgent need of reliable diagnostic tools to reduce cancer 
cases and cancer mortality.

The common methodologies for cancer diagnosis are based on invasive histological analysis 
and biomedical imaging, which are expensive, time-consuming and can give rise to subjective 
diagnosis [17]. Raman spectroscopy has been extensively studied in an attempt to replace or 
complement current methods and increase sensitivity and specificity of the diagnosis [18]. In 
this section, we discuss the advances in Raman spectroscopy applied to biofluids and tissue 
for diagnosis of different cancer types (Figure 2).

5.1. Skin cancers

Raman has been widely investigated to discriminate benign skin lesions from malignant 
lesions, mainly basal cell carcinoma and squamous cell carcinoma (Table 1). Despite the high 
complexity of skin tissue, studies in vivo show huge potential as a routine procedure in hos-
pitals for cancer screening [19]. In 2008, a preliminary report used 289 patients with different 

Figure 1. Most frequently applied multivariate data analysis techniques in combination with spectroscopic methods. 
MVA: Multivariate data analysis; PCR: Principal component regression; PLS: Partial least-squares regression; PCA: 
Principal-component analysis; CA: Cluster analysis; LDA: Linear discriminant analysis; PLS-DA: Partial least-squares 
discriminant analysis; SIMCA: Soft independent modeling of class analogy; ANNS: Artificial neural networks. Adapted 
from [13, 14].
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types of malignant and benign skin lesions [20]. The authors applied real-time in vivo Raman 
spectroscopy to acquire spectra of all samples and analyzed data using PLS and LDA analysis. 
Direct analysis of spectra showed distinct biomolecular signatures and ROC curves allowed 
to discriminate skin cancers from benign lesions with an area under curve greater than 0.9 
[20]. Later, the same authors published another study in vivo using a higher cohort of patients 
and 518 skin lesions (both malignant and benign conditions that are visually similar to skin 
cancer) [21]. Using the same instrumentation as before [20], the authors analyzed data using 
PC-GDA and PLS analysis, once visual inspection of spectra did not show distinctive Raman 
peaks assigned to skin cancer [21]. Although Raman peaks are almost the same between nor-
mal and cancer samples, the intensity of the signals allows the discrimination between differ-
ent types of lesions and are compatible with those obtained using histopathological methods. 
To complement and validate these results, in 2015, Zhao et al. [22] added 127 samples to 
the previous cohort, creating a consolidated group. Using real-time Raman spectroscopy and 
PC-GDA, an PLS analysis obtained the same discrimination as before, proving the ability of 
Raman spectroscopy for in vivo skin cancer detection. In 2014, other in vivo study successfully 
used Raman microspectroscopy to study 20 skin samples and detect basal cell carcinoma in 
tissue removed during surgery [21].

Besides in vivo studies, there are also some studies in vitro to assess the use of Raman spectros-
copy for skin cancer detection. In 2010, Bodanese et al. used dispersive Raman spectroscopy 
and successfully distinguished normal samples from basocellular cell carcinoma [23]. They 
found spectral differences in the region between 800 and 1000 cm−1 and between 1200 and 

Figure 2. Main application areas of Raman spectroscopy in health science.
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Cancer type Study 
type

Statistical 
analysis

Sensitivity and 
specificity (%)

Spectral differences (cancer vs. 
normal)

Refs.

Skin In vivo PC-GDA, PLS 95, 54 NA [22]

Skin Ex vivo LDA, MLR 100, 92 NA [44]

Skin Ex vivo PCA 99.1, 93.3 Proteins, lipids and melanin [24]

Skin In vitro GDA ~90, ~90 Phenylalanine, tryptophan and 
DNA bases

[25]

Skin In vivo PC-GDA, PLS 90, 64 NA [21]

Skin In vitro PCA 89, 93 Lipids and proteins [23]

Skin In vivo PLS, LDA 91, 75 NA [20]

Nasopharyngeal In vivo PLS 91, 95 NA [33]

Oral Ex vivo PCA, LDA 80.7, 84.1 Nucleic acids, proteins, lipids [28]

Laryngeal In vivo PLS-DA, LOPCV 93.3, 90.1 Nucleic acids, proteins, lipids [32]

Esophageal In vivo PLS-DA, LOPCV 97, 97.4 Lipids, proteins [31]

Esophageal Ex vivo PCA 90.5, 95 NA [45]

Esophageal Ex vivo PCA, LDA 93, 95 NA [30]

Esophageal Ex vivo PCA, LDA 71–81, 81–98 NA [29]

Nasopharyngeal Ex vivo PCA, LDA 90.7, 100 Nucleic acids, collagen, 
phospholipids, phenylalanine

[27]

Gastric intestinal 
pre-cancer

In vivo PCA, LDA, 
LOPCV

89.3, 92.2 Collagen, lipids, phenylalanine, 
proteins

[36]

Gastric Ex vivo PCA-DA 90, 90.9 NA [46]

Gastric Ex vivo PCA, LDA 100, 94.1 RNA bases, ribose [35]

Gastric Ex vivo PCA, LDA 100, 97 Tyrosine, adenine, coenzyme A [34]

Breast Ex vivo Direct analysis NA Carotenoids, lipids, 
carbohydrates, proteins

[40]

Breast Ex vivo PLS-DA, LOPCV 74.2, 86.4 Collagen, amino acids [39]

Breast Ex vivo LDA, MNLR 95.6, 96.2 Nucleic acids, collagen, lipids [38]

Leukemia Ex vivo PCA, LDA 100, 100 Lipids, phospholipids, amino 
acids, carotenes

[43]

Colorectal Ex vivo PCA, LDA 97.4, 100 Nucleic acids, saccharides, 
proteins

[42]

Bladder In vitro PCA 98, 95 NA [41]

GDA: General discriminant analysis; LDA: Linear discriminant analysis; LOPCV: Leave-one patient-out cross validation; 
MLR: Multinomial logistic regression; MNLR: Multinomial logistic regression; NA: Not available; PCA: Principal 
component analysis; PC-GDA Principal component with generalized discriminant analysis; PLS: Partial least square; 
PLS-DA: Partial least square discriminant analysis.

Table 1. Raman spectroscopy in cancer diagnosis.
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1300 cm−1, assigned to proteins and lipids, using PCA multivariate analysis, with high sen-
sitivity and specificity [23]. Later, in 2012, the same author reported new results corroborat-
ing the previous study [24]. Using a Raman spectrometer attached to a fiber optic and PCA 
analysis, they analyzed 145 different samples of basocellular cell carcinoma, melanoma and 
without malignant lesions and were able to discriminate cancer and normal samples with sen-
sitivity and specificity values over 90% [24]. In the same year, a different study was performed 
by Wang H et al. using HaCaT cells, melanocytes and their malignant derivatives [25]. They  
tested the ability of micro-Raman spectroscopy to separate different cell lines and found  
significant spectral differences between HaCaT cells and squamous cell carcinoma, melano-
cytes and melanoma cells as well as between all normal cells versus all tumor cells [25] (Table 1).  
The results of these in vitro studies are of extreme importance and can help the interpretation 
spectra of in vivo samples for cancer skin diagnosis.

5.2. Oral cavity, nasopharyngeal and laryngeal cancers

In what concerns diagnostic of oral cancers, Raman spectroscopy has been widely used in bio-
fluids like blood, urine and saliva and using fiber optic probes for in vivo diagnosis (Table 1).  
The advantage of using biofluids instead of tissue is that they can be collected using noninva-
sive and painless methods [26].

In 2010, Feng et al. described for the first time the use of a surface-enhanced Raman spectros-
copy (SERS) method for plasma analysis for nasopharyngeal cancer detection using silver 
nanoparticles [27]. This type of spectroscopy produces strong signals and has a low associated 
cost. Besides, it is suitable for use with intact tissue, biofluids and during endoscopies [26]. A 
total of 76 samples were used in that study and using PCA and LDA multivariate analysis, 
the authors found a distinct biological signature between control and cancer samples mainly 
due to an increase in nucleic acids, collagen, phospholipids and phenylalanine and also a 
decrease in amino acids and saccharide in cancer samples compared to control samples [27]. 
These results gave new insights about the use of surface-enhanced Raman spectroscopy for 
noninvasive diagnostic methods. SERS using gold nanoparticles was also applied to blood 
serum to diagnose oral squamous cell carcinoma [28]. Analysis of 370 Raman spectra using 
PCA and LDA multivariate analysis allowed to discriminate serum samples of patients with 
and without neoplasia with high sensitivity and specificity [28].

The use of Raman spectroscopy in oral cancer diagnosis relies mainly on fiber optic probes, 
and data published so far present promising results. In 2010, a study showed the applicabil-
ity of fiber optic Raman probed spectroscopy to target biopsies at endoscopy [29]. This type 
of approaches can be useful to avoid excision of normal tissue for biopsy. In this way, there 
is a reduction of the burden in histopathology departments and in the number of invasive 
procedures for the patient. Later, in 2012, Almond et al. also tested a fiber optic Raman probe 
to discriminate between benign, metaplastic and neoplastic esophageal ex vivo tissue [30]. 
Results showed high sensitivity and specificity, so it is suitable to think in this approach as 
a new technique for clinical diagnosis although in vivo clinical trials are needed to confirm 
the accuracy of this probe. In 2015, fiber optic Raman spectroscopy was successfully applied 
in 48 patients during endoscopy [31]. The authors were able to simultaneously acquire both 
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fingerprint and high wavenumber Raman spectra to extract the maximum biological informa-
tion and obtained sensitivity and specificity values about 97% for the diagnosis of esopha-
geal squamous cell carcinoma [31]. Similar results were obtained with a probe designed to 
diagnose laryngeal cancer [32]. Analysis of 2124 Raman spectra of 60 patients during endos-
copy showed sensitivity and specificity above 90% for the identification of laryngeal cancer 
when combined fingerprint and high-wavenumber spectra [32]. Recently, Ming et al. [33] 
performed a pilot study in 79 patients with and without nasopharyngeal cancer and in post-
irradiated patients. They detect a specific signature for each one of the three cohorts, which 
may indicate that Raman could not only be used for diagnostic purposes but also for surveil-
lance in post-treated patients. Furthermore, the authors used a probe with only 1.8 mm, which 
is the smallest probe used in Raman diagnostics and is more suitable to be used in clinical 
endoscopies [33].

5.3. Gastric cancers

Diagnosis of gastric cancer using Raman technologies relies either on the use of fiber optic 
probes or on SERS (Table 1). In fact, SERS was applied to plasma samples to detect gastric 
cancer in a noninvasive way [34], similar to what was done to diagnose nasopharyngeal can-
cer [27]. The authors use two cohorts, with a total of 65 samples (32 patients with confirmed 
gastric cancer and 33 control patients). Using PCA and LDA multivariate analysis, it was 
observed discrimination between cancer and normal samples with sensitivity and specificity 
of 100 and 97%, respectively. In 2012, the same methodology was applied to discriminate gas-
tric cancer from normal controls based on serum RNAs, also achieving high sensitivity and 
specificity (100 and 94.1%, respectively) [35]. SERS seems to be a useful technique to apply 
in routine clinical diagnosis coupled, for instance, with endoscopy. Fiber optic probes can 
be used for in vivo identification of gastric metaplasia. Lin et al. [36] coupled fingerprinting 
and high-wavenumber Raman spectroscopy with a fiber optic Raman probe and were able 
to detect, in real-time, pre-cancerous gastric lesions. They acquired 4520 spectra in real time, 
during gastroscopy, and by using PCA and LDA analysis, they were able to identify precan-
cerous lesions with high sensitivity and specificity [36]. This can improve early diagnosis of 
neoplasia and significantly improve the efficacy of treatments.

5.4. Breast cancers

Breast cancer is the second most prevalent cancer in the world and, it is the most common 
cancer in women, causing more than 500,000 deaths every year [37]. According to these sta-
tistics, it is not surprising that Raman spectroscopy has been used as a diagnostic tool for this  
disease. Kong et al. used Raman microspectrometry to detect ductal carcinoma in tissue 
excised during breast-conserving surgery [38]. They developed a model that allowed to dis-
criminate normal and cancerous tissue in approximately 17 min, with sensitivity and specific-
ity above 95% [38]. A different approach was used by Feng et al. in 2015 [39]. Similar to what 
this group did for other types of cancer (see Table 1 for detailed information), they applied 
SERS to saliva proteins of 97 patients and were able to discriminate between control, benign 
tumors and malignant tumors with sensitivities and specificities between 72.7–75.8% and 81.2–
93.4%, respectively, using PLS-DA analysis [39]. These results give good perspectives for new  
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1300 cm−1, assigned to proteins and lipids, using PCA multivariate analysis, with high sen-
sitivity and specificity [23]. Later, in 2012, the same author reported new results corroborat-
ing the previous study [24]. Using a Raman spectrometer attached to a fiber optic and PCA 
analysis, they analyzed 145 different samples of basocellular cell carcinoma, melanoma and 
without malignant lesions and were able to discriminate cancer and normal samples with sen-
sitivity and specificity values over 90% [24]. In the same year, a different study was performed 
by Wang H et al. using HaCaT cells, melanocytes and their malignant derivatives [25]. They  
tested the ability of micro-Raman spectroscopy to separate different cell lines and found  
significant spectral differences between HaCaT cells and squamous cell carcinoma, melano-
cytes and melanoma cells as well as between all normal cells versus all tumor cells [25] (Table 1).  
The results of these in vitro studies are of extreme importance and can help the interpretation 
spectra of in vivo samples for cancer skin diagnosis.

5.2. Oral cavity, nasopharyngeal and laryngeal cancers

In what concerns diagnostic of oral cancers, Raman spectroscopy has been widely used in bio-
fluids like blood, urine and saliva and using fiber optic probes for in vivo diagnosis (Table 1).  
The advantage of using biofluids instead of tissue is that they can be collected using noninva-
sive and painless methods [26].

In 2010, Feng et al. described for the first time the use of a surface-enhanced Raman spectros-
copy (SERS) method for plasma analysis for nasopharyngeal cancer detection using silver 
nanoparticles [27]. This type of spectroscopy produces strong signals and has a low associated 
cost. Besides, it is suitable for use with intact tissue, biofluids and during endoscopies [26]. A 
total of 76 samples were used in that study and using PCA and LDA multivariate analysis, 
the authors found a distinct biological signature between control and cancer samples mainly 
due to an increase in nucleic acids, collagen, phospholipids and phenylalanine and also a 
decrease in amino acids and saccharide in cancer samples compared to control samples [27]. 
These results gave new insights about the use of surface-enhanced Raman spectroscopy for 
noninvasive diagnostic methods. SERS using gold nanoparticles was also applied to blood 
serum to diagnose oral squamous cell carcinoma [28]. Analysis of 370 Raman spectra using 
PCA and LDA multivariate analysis allowed to discriminate serum samples of patients with 
and without neoplasia with high sensitivity and specificity [28].

The use of Raman spectroscopy in oral cancer diagnosis relies mainly on fiber optic probes, 
and data published so far present promising results. In 2010, a study showed the applicabil-
ity of fiber optic Raman probed spectroscopy to target biopsies at endoscopy [29]. This type 
of approaches can be useful to avoid excision of normal tissue for biopsy. In this way, there 
is a reduction of the burden in histopathology departments and in the number of invasive 
procedures for the patient. Later, in 2012, Almond et al. also tested a fiber optic Raman probe 
to discriminate between benign, metaplastic and neoplastic esophageal ex vivo tissue [30]. 
Results showed high sensitivity and specificity, so it is suitable to think in this approach as 
a new technique for clinical diagnosis although in vivo clinical trials are needed to confirm 
the accuracy of this probe. In 2015, fiber optic Raman spectroscopy was successfully applied 
in 48 patients during endoscopy [31]. The authors were able to simultaneously acquire both 
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fingerprint and high wavenumber Raman spectra to extract the maximum biological informa-
tion and obtained sensitivity and specificity values about 97% for the diagnosis of esopha-
geal squamous cell carcinoma [31]. Similar results were obtained with a probe designed to 
diagnose laryngeal cancer [32]. Analysis of 2124 Raman spectra of 60 patients during endos-
copy showed sensitivity and specificity above 90% for the identification of laryngeal cancer 
when combined fingerprint and high-wavenumber spectra [32]. Recently, Ming et al. [33] 
performed a pilot study in 79 patients with and without nasopharyngeal cancer and in post-
irradiated patients. They detect a specific signature for each one of the three cohorts, which 
may indicate that Raman could not only be used for diagnostic purposes but also for surveil-
lance in post-treated patients. Furthermore, the authors used a probe with only 1.8 mm, which 
is the smallest probe used in Raman diagnostics and is more suitable to be used in clinical 
endoscopies [33].

5.3. Gastric cancers

Diagnosis of gastric cancer using Raman technologies relies either on the use of fiber optic 
probes or on SERS (Table 1). In fact, SERS was applied to plasma samples to detect gastric 
cancer in a noninvasive way [34], similar to what was done to diagnose nasopharyngeal can-
cer [27]. The authors use two cohorts, with a total of 65 samples (32 patients with confirmed 
gastric cancer and 33 control patients). Using PCA and LDA multivariate analysis, it was 
observed discrimination between cancer and normal samples with sensitivity and specificity 
of 100 and 97%, respectively. In 2012, the same methodology was applied to discriminate gas-
tric cancer from normal controls based on serum RNAs, also achieving high sensitivity and 
specificity (100 and 94.1%, respectively) [35]. SERS seems to be a useful technique to apply 
in routine clinical diagnosis coupled, for instance, with endoscopy. Fiber optic probes can 
be used for in vivo identification of gastric metaplasia. Lin et al. [36] coupled fingerprinting 
and high-wavenumber Raman spectroscopy with a fiber optic Raman probe and were able 
to detect, in real-time, pre-cancerous gastric lesions. They acquired 4520 spectra in real time, 
during gastroscopy, and by using PCA and LDA analysis, they were able to identify precan-
cerous lesions with high sensitivity and specificity [36]. This can improve early diagnosis of 
neoplasia and significantly improve the efficacy of treatments.

5.4. Breast cancers

Breast cancer is the second most prevalent cancer in the world and, it is the most common 
cancer in women, causing more than 500,000 deaths every year [37]. According to these sta-
tistics, it is not surprising that Raman spectroscopy has been used as a diagnostic tool for this  
disease. Kong et al. used Raman microspectrometry to detect ductal carcinoma in tissue 
excised during breast-conserving surgery [38]. They developed a model that allowed to dis-
criminate normal and cancerous tissue in approximately 17 min, with sensitivity and specific-
ity above 95% [38]. A different approach was used by Feng et al. in 2015 [39]. Similar to what 
this group did for other types of cancer (see Table 1 for detailed information), they applied 
SERS to saliva proteins of 97 patients and were able to discriminate between control, benign 
tumors and malignant tumors with sensitivities and specificities between 72.7–75.8% and 81.2–
93.4%, respectively, using PLS-DA analysis [39]. These results give good perspectives for new  
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noninvasive diagnostic tools. Depciuch et al. acquired Raman spectra of breast biopsies and 
did direct spectral analysis without performing multivariate analysis [40]. They reported  
differences in spectral regions assigned to the principal biomolecules: lipids, sugars and 
proteins between normal and cancerous samples [40]. All these reports give new light in  
understanding the molecular mechanisms involved in breast cancer.

5.5. Other cancers

Besides skin, oral, gastric and breast cancers, Raman spectroscopy techniques are also applied 
to diagnose other types of neoplasia (Table 1), mainly in vitro. For instance, in 2011, there was 
a study that used modulated Raman spectroscopy to detect the presence of human urothelial 
cells and bladder cancer cells after cell lines were incubated with urine [41]. The results achieved 
high sensitivity and specificity and, in the future, this approach may be applied in routine urine 
exams to detect bladder cancer or to monitor patients under treatment for bladder cancer.

Blood samples are widely used in the context of diagnosis. In the case of colorectal cancer, Lin 
et al. used gold nanoparticle-based SERS in blood serum samples of 83 patients to differentiate  
Raman spectra of healthy and disease samples [42]. This approach allowed to achieve sen-
sitivity and specificity of 97.4 and 100%, respectively. Besides, the authors detected spectral 
differences between normal and cancer samples, mainly an increase in the relative amount 
of nucleic acids and a decrease in the amount of proteins in colorectal cancer patients, com-
pared to control healthy subjects [42]. Serum blood samples can also be used to monitor the 
efficacy of treatments. In the specific case of leukemia, Gonzalez et al. used standard Raman 
spectroscopy and multivariate analysis to distinguish normal samples from leukemia sam-
ples with 100% of both sensitivity and specificity [43]. The authors detect some molecular 
changes between both groups of samples, mainly in the regions of lipids, phospholipids and 
β-carotene. Therefore, this Raman-PCA technique can be easily applied as a noninvasive tool 
to diagnosis and progression evaluation of leukemia.

In the last decade, there was an increase in the use of Raman spectroscopy in the field of  
cancer diagnostic and monitoring. As it was possible to see in this section, the improvement in 
the algorithms to process Raman signals as well as the development of new SERS techniques 
and fiber optic probes allowed to produce results with high sensitivity and specificity and 
to apply Raman-based approaches in in vivo, ex vivo and in vitro clinical diagnosis of several 
cancer types in different biological samples.

6. Raman spectroscopy for bacterial identification

Correct and in-time identification of microorganisms is crucial in clinical diagnosis. Nowadays, 
despite the advances of technology and methodologies of bacterial identification, most of the 
hospitals use bacterial culture as a standard method [47, 48]. However, these approaches are 
time-consuming, and sometimes it requires more than a day until the results are available. 
This can have serious implications to patients, mainly to those with severe infections. In this 
way, there are several investigations that evaluate the potential of Raman-based approaches 
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to bacterial identification and typing and producing fast and accurate results. Raman spectra 
of bacteria are like a fingerprint, since it represents the molecular composition and it is spe-
cific for each sample. The following studies are examples of the use of Raman in the field of 
clinical microbiology.

In 2009, Willemse et al. used Raman spectroscopy to type methicillin-resistant and methicillin-
sensible Staphylococcus aureus and compare it with traditional DNA typing methods, which 
are time- and labor-consuming [49]. After spectra collection and cluster analysis, results 
showed that Raman spectroscopy has reproducibility and discrimination ability, and all 
Raman clusters were in accordance with epidemiologic data of the isolates [49]. Similar results 
were obtained by the same group using Escherichia coli and Klebsiella pneumoniae isolates [50]. 
Using SpectraCell analyzer (River Diagnostics), they obtained high reproducible spectra and 
a discriminatory power similar to traditional DNA typing methods [50]. However, Raman 
spectroscopy was not able to detect ESBL-producing E. coli transmission events even when 
coupled to High-throughput MultiLocus Sequence Typing [51]. SERS is also used in the field 
of microbiology to identify pathogens. For instance, malaria parasite can be detected using a 
SERS nanoplatform [52]. Besides, it is also possible to discriminate wild-type malaria DNA 
from mutant malaria DNA using this technique [52]. SERS was also used in milk samples to 
identify Salmonella enterica serotype Enteritidis [53]. In this study, SERS was used with Au 
nanoprobes, and the results were almost 100x more sensitive than those obtained by PCR [53].

In clinical microbiology, it would be of particular interest to apply bacterial identification 
approaches directly to biological samples. One of the possible drawbacks of using spectros-
copy in this field is that biological fluids can have complex matrixes that may mask the spe-
cific spectral signature of a given pathogen. To verify the applicability of Raman to bacterial 
identification in biofluids, Harz et al. used micro-Raman to directly analyze cerebrospinal 
fluid (CFS) of patients with bacterial meningitis [54]. Since lethality of the disease depends 
on the pathogen involved, time is crucial and it is necessary to properly identify the bacteria 
and initiate the adequate antibiotic therapy in a short period of time. In this study, the authors 
showed that CFS did not affect Raman spectra of bacteria, and it was possible to identify it 
with accuracy [54]. This corroborates the idea that Raman can be used as a diagnostic assay. 
In hospitals, it is important not only to identify the pathogen but also to understand the anti-
microbial susceptibility profile of the microorganism in order to choose the right antibiotic 
to mitigate and treat the infection. Raman spectroscopy has been recently successfully used 
with this purpose [55]. The authors were able to discriminate Raman spectra of 67 antibiotic-
susceptible strains isolated from positive blood cultures in the presence of different concen-
trations of antibiotic in only 5 h [55]. Further development of this technology could produce 
results with robustness similar to current methods used in hospitals, and therefore in the 
future, it can be applied to clinical diagnosis.

Raman-based approaches can also be used in the field of virology. It is possible to identify 
rotavirus with an accuracy above 96% using SERS fingerprinting, and the detection of the 
virus was possible even using a complex cellular matrix, although the results were not as 
sensitive as those obtained with purified samples [56]. A similar procedure was used to detect 
respiratory syncytial virus [57]. In this study, the authors applied SERS enzyme-catalyzed 
immunoassay of respiratory syncytial virus in cell lysates, and the results showed a linear 
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noninvasive diagnostic tools. Depciuch et al. acquired Raman spectra of breast biopsies and 
did direct spectral analysis without performing multivariate analysis [40]. They reported  
differences in spectral regions assigned to the principal biomolecules: lipids, sugars and 
proteins between normal and cancerous samples [40]. All these reports give new light in  
understanding the molecular mechanisms involved in breast cancer.

5.5. Other cancers

Besides skin, oral, gastric and breast cancers, Raman spectroscopy techniques are also applied 
to diagnose other types of neoplasia (Table 1), mainly in vitro. For instance, in 2011, there was 
a study that used modulated Raman spectroscopy to detect the presence of human urothelial 
cells and bladder cancer cells after cell lines were incubated with urine [41]. The results achieved 
high sensitivity and specificity and, in the future, this approach may be applied in routine urine 
exams to detect bladder cancer or to monitor patients under treatment for bladder cancer.

Blood samples are widely used in the context of diagnosis. In the case of colorectal cancer, Lin 
et al. used gold nanoparticle-based SERS in blood serum samples of 83 patients to differentiate  
Raman spectra of healthy and disease samples [42]. This approach allowed to achieve sen-
sitivity and specificity of 97.4 and 100%, respectively. Besides, the authors detected spectral 
differences between normal and cancer samples, mainly an increase in the relative amount 
of nucleic acids and a decrease in the amount of proteins in colorectal cancer patients, com-
pared to control healthy subjects [42]. Serum blood samples can also be used to monitor the 
efficacy of treatments. In the specific case of leukemia, Gonzalez et al. used standard Raman 
spectroscopy and multivariate analysis to distinguish normal samples from leukemia sam-
ples with 100% of both sensitivity and specificity [43]. The authors detect some molecular 
changes between both groups of samples, mainly in the regions of lipids, phospholipids and 
β-carotene. Therefore, this Raman-PCA technique can be easily applied as a noninvasive tool 
to diagnosis and progression evaluation of leukemia.

In the last decade, there was an increase in the use of Raman spectroscopy in the field of  
cancer diagnostic and monitoring. As it was possible to see in this section, the improvement in 
the algorithms to process Raman signals as well as the development of new SERS techniques 
and fiber optic probes allowed to produce results with high sensitivity and specificity and 
to apply Raman-based approaches in in vivo, ex vivo and in vitro clinical diagnosis of several 
cancer types in different biological samples.

6. Raman spectroscopy for bacterial identification

Correct and in-time identification of microorganisms is crucial in clinical diagnosis. Nowadays, 
despite the advances of technology and methodologies of bacterial identification, most of the 
hospitals use bacterial culture as a standard method [47, 48]. However, these approaches are 
time-consuming, and sometimes it requires more than a day until the results are available. 
This can have serious implications to patients, mainly to those with severe infections. In this 
way, there are several investigations that evaluate the potential of Raman-based approaches 
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to bacterial identification and typing and producing fast and accurate results. Raman spectra 
of bacteria are like a fingerprint, since it represents the molecular composition and it is spe-
cific for each sample. The following studies are examples of the use of Raman in the field of 
clinical microbiology.

In 2009, Willemse et al. used Raman spectroscopy to type methicillin-resistant and methicillin-
sensible Staphylococcus aureus and compare it with traditional DNA typing methods, which 
are time- and labor-consuming [49]. After spectra collection and cluster analysis, results 
showed that Raman spectroscopy has reproducibility and discrimination ability, and all 
Raman clusters were in accordance with epidemiologic data of the isolates [49]. Similar results 
were obtained by the same group using Escherichia coli and Klebsiella pneumoniae isolates [50]. 
Using SpectraCell analyzer (River Diagnostics), they obtained high reproducible spectra and 
a discriminatory power similar to traditional DNA typing methods [50]. However, Raman 
spectroscopy was not able to detect ESBL-producing E. coli transmission events even when 
coupled to High-throughput MultiLocus Sequence Typing [51]. SERS is also used in the field 
of microbiology to identify pathogens. For instance, malaria parasite can be detected using a 
SERS nanoplatform [52]. Besides, it is also possible to discriminate wild-type malaria DNA 
from mutant malaria DNA using this technique [52]. SERS was also used in milk samples to 
identify Salmonella enterica serotype Enteritidis [53]. In this study, SERS was used with Au 
nanoprobes, and the results were almost 100x more sensitive than those obtained by PCR [53].

In clinical microbiology, it would be of particular interest to apply bacterial identification 
approaches directly to biological samples. One of the possible drawbacks of using spectros-
copy in this field is that biological fluids can have complex matrixes that may mask the spe-
cific spectral signature of a given pathogen. To verify the applicability of Raman to bacterial 
identification in biofluids, Harz et al. used micro-Raman to directly analyze cerebrospinal 
fluid (CFS) of patients with bacterial meningitis [54]. Since lethality of the disease depends 
on the pathogen involved, time is crucial and it is necessary to properly identify the bacteria 
and initiate the adequate antibiotic therapy in a short period of time. In this study, the authors 
showed that CFS did not affect Raman spectra of bacteria, and it was possible to identify it 
with accuracy [54]. This corroborates the idea that Raman can be used as a diagnostic assay. 
In hospitals, it is important not only to identify the pathogen but also to understand the anti-
microbial susceptibility profile of the microorganism in order to choose the right antibiotic 
to mitigate and treat the infection. Raman spectroscopy has been recently successfully used 
with this purpose [55]. The authors were able to discriminate Raman spectra of 67 antibiotic-
susceptible strains isolated from positive blood cultures in the presence of different concen-
trations of antibiotic in only 5 h [55]. Further development of this technology could produce 
results with robustness similar to current methods used in hospitals, and therefore in the 
future, it can be applied to clinical diagnosis.

Raman-based approaches can also be used in the field of virology. It is possible to identify 
rotavirus with an accuracy above 96% using SERS fingerprinting, and the detection of the 
virus was possible even using a complex cellular matrix, although the results were not as 
sensitive as those obtained with purified samples [56]. A similar procedure was used to detect 
respiratory syncytial virus [57]. In this study, the authors applied SERS enzyme-catalyzed 
immunoassay of respiratory syncytial virus in cell lysates, and the results showed a linear 
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correlation between the intensity of spectra and the amount of virus with a detection limit 
lower than traditional methods [57].

The studies discussed in this section suggest that Raman-based approaches are a good alter-
native for real-time clinical usage, since they are easy to use, fast (it is possible to have results 
within 45 min after positive culture), reliable and can be easily applied to a wide variety of 
microorganisms, since specific dyes or labels are no need.

7. Raman spectroscopy for the diagnosis of dementia

Alzheimer’s disease is the most prevalent type of neurodegenerative dementia in the elderly 
population worldwide. The key for efficiently and accurately diagnosing dementia occurs 
during the early stages. Scientists struggle to find a blood-based method to perform an accu-
rate diagnosis of this type of dementia, which affects 35.6 million people worldwide [58].

In this context, Raman microspectroscopy was already used to analyze serum of Alzheimer’s 
disease patients, patients with other dementias and healthy controls. Data were analyzed with 
multivariate statistics for the differential identification of Alzheimer’s disease patients. The study 
was a proof of concept; however, it proves that Raman microspectroscopy and artificial neural 
network classification were able to differentiate patients with more than 95% sensitivity and 
specificity, demonstrating that Raman has potential to become a blood-based tests that may help 
clinical assessments for effective and accurate differential diagnosis of Alzheimer’s disease [59].

8. Conclusions and outlook

In the last years, there was a significant improvement in instrumentation of Raman spectros-
copy, leading to an enhancement of sensitivity and accuracy of this approach. In this way, 
Raman has been broadly used in the context of medical investigation, mainly in the oncologic 
field. Coupled to adequate chemometric analysis tools, Raman spectroscopy, mainly SERS, 
was already applied to successfully diagnose several types of cancer, infections and prelimi-
nary results are also promising in the context of Alzheimer’s disease. It is expected that in the 
next years, Raman spectroscopy can be routinely used in hospitals to in vivo diagnose and 
surveillance of several diseases, producing fast and accurate results, decreasing waiting times 
and, in this way, improving efficacy of treatments.
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correlation between the intensity of spectra and the amount of virus with a detection limit 
lower than traditional methods [57].

The studies discussed in this section suggest that Raman-based approaches are a good alter-
native for real-time clinical usage, since they are easy to use, fast (it is possible to have results 
within 45 min after positive culture), reliable and can be easily applied to a wide variety of 
microorganisms, since specific dyes or labels are no need.

7. Raman spectroscopy for the diagnosis of dementia

Alzheimer’s disease is the most prevalent type of neurodegenerative dementia in the elderly 
population worldwide. The key for efficiently and accurately diagnosing dementia occurs 
during the early stages. Scientists struggle to find a blood-based method to perform an accu-
rate diagnosis of this type of dementia, which affects 35.6 million people worldwide [58].

In this context, Raman microspectroscopy was already used to analyze serum of Alzheimer’s 
disease patients, patients with other dementias and healthy controls. Data were analyzed with 
multivariate statistics for the differential identification of Alzheimer’s disease patients. The study 
was a proof of concept; however, it proves that Raman microspectroscopy and artificial neural 
network classification were able to differentiate patients with more than 95% sensitivity and 
specificity, demonstrating that Raman has potential to become a blood-based tests that may help 
clinical assessments for effective and accurate differential diagnosis of Alzheimer’s disease [59].

8. Conclusions and outlook

In the last years, there was a significant improvement in instrumentation of Raman spectros-
copy, leading to an enhancement of sensitivity and accuracy of this approach. In this way, 
Raman has been broadly used in the context of medical investigation, mainly in the oncologic 
field. Coupled to adequate chemometric analysis tools, Raman spectroscopy, mainly SERS, 
was already applied to successfully diagnose several types of cancer, infections and prelimi-
nary results are also promising in the context of Alzheimer’s disease. It is expected that in the 
next years, Raman spectroscopy can be routinely used in hospitals to in vivo diagnose and 
surveillance of several diseases, producing fast and accurate results, decreasing waiting times 
and, in this way, improving efficacy of treatments.
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Abstract

Raman spectroscopy is a noninvasive optical technique that can be used as an aid in
diagnosing certain diseases and as an alternative to more invasive diagnostic techniques
such as the biopsy. Due to these characteristics, Raman spectroscopy is also known as an
optical biopsy technique. The success of Raman spectroscopy in biomedical applications
is based on the fact that the molecular composition of healthy tissue is different from
diseased tissue; also, several disease biomarkers can be identified in Raman spectra,
which can be used to diagnose or monitor the progress of certain medical conditions.
This chapter outlines an overview of the use of Raman spectroscopy for in vivo medical
diagnostics and demonstrates the potential of this technique to address biomedical
issues related to human health.

Keywords: Raman spectroscopy, biomedical, chemometrics

1. Introduction

Raman spectroscopy is based on the inelastic scattering of photons, also known as Raman
effect, discovered by C. V. Raman in 1928 [1]. When a sample is illuminated with a light source,
the incoming photons are absorbed or scattered. If absorbed, the photon energy is transferred
to the molecules, whereas if a photon is scattered and the energy is conserved, it is called
elastic scattering. However, a small portion of scattered photons (1 in every 10 billion photons)
can be scattered inelastically, which means a slight change in the photon energy. This small
energy difference between the incident and the scattered photon is the Raman effect. Raman
spectroscopy has several advantages for biomedical applications, including being nondestruc-
tive and relatively fast to acquire, and provides information at the molecular level. Addition-
ally, water produces weak Raman scattering, which means the presence of water in the sample
does not interfere with the spectrum that is being analyzed. The main disadvantages of Raman
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spectroscopy include the extremely weak Raman signal and the presence of undesirable noise
sources such as the intense fluorescence background present in biological samples.

2. Instrumentation

A Raman spectrometer useful for in vivo measurements should be an integrated system that
can provide real-time spectral acquisition and analysis [1]. A Raman system for in vivo mea-
surements includes a light source, sample light delivery and collection, spectrograph with
detector, and the computer interface. Lasers are the excitation source for Raman spectroscopy
due to the fact they can provide sufficient power to the sample in order to detect Raman
spectra in a reasonable integration time. However, it is necessary to consider important issues
such as power, integration time, and wavelength of the laser to optimize the Raman system for
in vivo biomedical applications. For example, to avoid tissue damage, the maximum permis-
sible exposure (defined by ANSI) and temperature increase must be considered. Therefore, a
correct laser power selection depends on achieving a good signal to noise and to minimize
tissue damage. In biological tissue, the fluorophores can generate signals that mask or over-
whelm the weak Raman signal, and to avoid fluorescence background, multiple approaches
have been proposed including the excitation in the near infrared (NIR) [2]. It is known that
most biological fluorophores have no peak emission in this region of the spectrum, which
results in lower fluorescence background compared to visible or UV excitation. Due to these
advantages, most of the Raman spectroscopy systems for skin diagnosis use a 785-nm diode
laser as the excitation source, since it provides low-cost light source that generates low fluo-
rescence and can penetrate deep into human tissue. In sample light delivery and collection, the
most used method for clinical applications is optical fibers. The Raman fiber probe design
varies depending on the clinical application. In the case of Raman spectroscopy of the skin,
the probe consists of a single central delivery fiber surrounded by several collection fibers. The
selection of a suitable detection system is an important issue for Raman spectroscopy. The

Figure 1. Schematic of a typical Raman system for in vivo biomedical applications.
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typical Raman detection system used for biomedical applications consists of a spectrograph
attached to a cooled charge coupled device (CCD). Most CCDs use a thermoelectric (TE)
system to cool the detector down to �70�C in order to reduce thermal noise. The detection
system also requires a spectrograph coupled to the Raman probe and to the CCD. It is
recommended the spectrograph have a spectral resolution of 8–10 cm�1 in order to provide
detailed information of biological Raman bands. The spectral resolution depends on spectro-
graph optical parameters, the diffraction grating, and the CCD pixel size. A schematic of the
typical arrangement of these components is shown in Figure 1.

3. Data preprocessing

A big issue in biological Raman spectroscopy is the presence of undesirable background
elements related to different sources such as intrinsic fluorescence, noise introduced by the
equipment used, and the noise generated by external sources.

3.1. Smoothing and denoising

The main sources of noise present in Raman spectra from biological samples are the shot noise,
fluorescence background, flicker noise, dark current, and thermal noise. One alternative to
reduce the thermal noise and dark signal is the use of a Raman system with high quality,
thermoelectric cooled spectrometers. In Raman spectra, most of the time, the shot noise is the
predominant noise associated with the particle nature of light. The approximate shot noise
associated with measurement of n counts is n1/2. Thus the signal to noise ratio (S/N) can be
improved incrementing the number of counts n. In other words, S/N can be improved by
increasing averaging time due to the fact the signal increases proportionally with time. There
are several multitude noise removal techniques that can be applied to Raman spectra. Smoothing
is often employed for the removal of high-frequency components from Raman spectra, based on
the fact that noise appears as high-frequency fluctuations, whereas signals are assumed to be low
frequency. One smoothing technique is Fourier filtering [3]. In this technique, the higher fre-
quency fluctuations, which are considered only noise, can be removed and the lower frequency
ones can be used to reconstruct Raman spectra without noise. One drawback of this method is
that the removal of the higher frequency noise may often introduce artifacts and distortion in
Raman spectra. A commonly used smoothing technique is Savitzky-Golay (SG) filtering. The SG
filter is a moving window–based local polynomial fitting procedure [4]. As the moving window
size increases, some of the Raman bands may disappear. Therefore, it is very important to choose
the appropriate parameters such as the polynomial order and the moving window size to avoid
loss of Raman data. Other smoothing methods are locally weighted scatter plot smoothing
(LOWESS) [5] and wavelet filtering [6] whereby the spectrum is decomposed using the discrete
wavelet transform in order to isolate the noise by localizing it in space and frequency. Once it is
isolated, it can be set to zero and the inverse wavelet transform is used to reconstruct the data. In
all the mentioned methods, parameters have to be chosen carefully to avoid the important
Raman bands being eliminated during smoothing.
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3.2. Background removal

As mentioned is the last section, one noise source in biological Raman spectra is the fluores-
cence background. This intrinsic fluorescence emission is several orders of magnitude greater
than the Raman scattering intensity of biological tissues; therefore, fluorescence appears as a
strong band that obscures Raman signals and must be removed in order to perform the
analysis on the Raman spectra. Background elimination has been performed using two
approaches: experimental and computational. The experimental methods are related to
changes in the instrumentation and those include shifted excitation [7], photo bleaching [8],
and time gating [9]. One drawback of these methods is the relatively complex instrumentation,
the long acquisition times, and alterations in the sample that could make the analysis of
biological samples difficult. On the other hand, background removing by using computational
approaches has the advantages such as easy to implement, inexpensive, and fast. Such
methods include polynomial fitting [10–12], Fourier transform [13], wavelet transform [13],
first- and second-order differentiation [14], multiplicative signal correction [15], linear pro-
gramming [16], geometric approach [17], asymmetric least squares [18], methods based on
iterative reweighted quantile regression [19], iterative exponential smoothing [20], and mor-
phology operators [21, 22]. However, the most used method is polynomial fitting due to
simplicity. In this method, a polynomial is fitted and subsequently subtracted from the Raman
spectrum to eliminate background effects. The selection of polynomial order is extremely
important, because a higher order polynomial fitting may consider Raman bands as back-
ground and may be affected by high frequency noise. To solve this issue, some modified
polynomial fitting methods were proposed. Figure 2 shows the Raman spectra of in vivo
mouse skin tissue with and without fluorescence removal using the polynomial fitting method.

For example, the algorithm proposed by Zhao et al. [11] also known as the Vancouver Raman
algorithm (VRA) is widely used for baseline correction in biomedical applications due to
effectiveness and simplicity. The main advantage of this method is that it accounts for noise
effects and Raman signal contribution.

3.3. Normalization

Raman spectra from the same sample could have different intensity levels if they were
acquired at different times or under different experimental parameters such as changes in laser
power levels. Normalization process deals with these differences in intensity levels by making
that the intensity of a specific Raman band of the same material is the same or similar possible
in all the spectra recorded under the same experimental parameters. One approach is the
normalization to area. In this method, the intensity at each frequency in the spectrum is
divided by the square root of the sum of the squares of all intensities. This normalization is
useful when the spectra do not share a common band and it is better to normalize the spectra
so that the total area under the spectrum is 1.0. This method has the advantage that is not
dependent on any single band but one disadvantage is that the background can contribute to
the normalization [1]. Another approach is the peak normalization, which uses intensity
corresponding to the central frequency of a particular Raman band as reference (internal or
external). The 1660 cm�1 (amide I) and the 1450 cm�1 band (CdH vibrations) are commonly
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used as reference due to their intensities that are not significantly affected by other changes in
the sample [23]. This method assumes the reference does not change from one spectrum to
other and therefore is not suitable when the nature of the samples could lead to a shift in the
band position.

4. Chemometrics

Chemometrics uses mathematical and statistical methods to provide chemical/physical infor-
mation from chemical data or for the subject under consideration, spectroscopic data. In order
to identify components in a sample, one possibility is to use individual bands, but this
approach is not the best option because one band is not specific for a molecule, as many
molecules have the a band in the same localization. A more precise identification is to use
multiple bands or the complete spectrum. Such approach considers each point in a spectrum as
a variable and spectroscopic data can be displayed as a matrix where columns represent the

Figure 2. In vivo Raman spectra of skin with fluorescence (top) and without fluorescence (bottom) using the polynomial
fitting method.
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variables (Raman shift or wavenumber) and the rows represent observations (Raman spectra).
To analyze data with more than one variable, multivariate data analysis is used. There are
many multivariate data analysis techniques available and their correct use depends on the
objective of the analysis. The objective can be data description or exploratory analysis, discrim-
ination, classification, clustering, regression, and prediction. Also, the data analysis methods
can be divided into unsupervised and supervised methods. The supervised methods are used
when there is no a priori knowledge available and are very useful to find hidden structures in
the unlabeled data and sometimes are used as a first step to supervised methods. Hierarchical
cluster analysis (HCA) and principal component analysis (PCA) are examples of unsupervised
methods. On the other hand, supervised methods need a priori information such as class labels
and the analysis involves the use of a training data set to find the patterns in the data and later
validate the model using a test set. One example of the supervised method is partial least
squares (PLS).

4.1. Principal component analysis (PCA)

Principal component analysis (PCA) is an unsupervised method often used to reduce the
number of variables [24] and exploratory analysis of data. PCA is based on the eigenvector
decomposition of the covariance matrix of the spectra matrix into eigenvectors and eigen-
values. The eigenvectors (or principal components) are orthogonal along n-dimensional axes
and are ordered by decreasing value of each associated eigenvalue. This means the principal
components are independent of each other and uncorrelated, as opposed to the original ones,
which may be correlated. Also, their decreasing order means that the first principal component
explains the maximum amount of variance of the original data, and the second one explains
more variance than the third, and so on. The original data can be considered as an M�N
matrix of M spectra sampled at N wavenumbers. Applying the PCA to this matrix, PCA yields
three results: N principal components, an N�N matrix containing the coefficients for the
transformation between the original data and the principal components, and N eigenvalues
describing the importance of the corresponding principal components. The original N experi-
mental spectra are transformed into a new set of N ‘synthetic’ spectra called principal compo-
nents. In summary, one advantage of PCA is that by evaluating the relative importance of the
consecutive principal components, it is possible to reduce the dimension of the original dataset
by finding a smaller collection of variables that explain the highest amount of variance.
Additionally, because changes in Raman signal are uncorrelated with the noise in the spectra,
the random noise and the significant spectral changes will be separated into different principal
components. Therefore, many principal components can be discarded, removing noise with-
out losing useful information from Raman signal.

4.2. Partial least squares (PLS)

PLS is one of the most widely used multivariate data analysis techniques along with vibra-
tional spectroscopy to estimate and quantify components in a sample [25]. As a supervised
method, the concentrations of all constituents in the calibration samples are known. As with
PCA, the noise observed in the spectra is isolated into separate latent variables (LVs), which
are left out of the calibration, improving prediction precision, and nonlinear relationships
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between the properties of interest and intensity can be accommodated in a PLS model by
including multiple LVs.

4.3. Classification and clustering models

Several data analysis methods are focused on looking for differences between the spectra so that
groups of spectra can be identified and classified. The most common methods used in biomed-
ical Raman spectroscopy are k-nearest neighbors (KNN), hierarchical cluster analysis (HCA),
artificial neural networks (ANN), discriminant analysis (DA), and support vector machines
(SVM). The KNN method compares all spectra in the dataset through the use of the metrics of
similarity between spectra like the Euclidean distance. This method has been used in combina-
tion with PCA and Raman spectroscopy for the diagnosis of colon cancer [26]. HCA uses a
variety of multivariate distance calculations such as Euclidean and Mahalanobis metrics to
identify similar spectra and is one of the used methods in Raman and IR imaging [27]. Similarly,
artificial neural networks can be used to identify clusters or to find patterns in complex data.
ANNs are computational models inspired by the functionality and structure of the central
nervous system and the networks consist of interconnected group of nodes or neurons, which
have different functions such data input, output, storage, or forwarding. The layout of ANN is
composed of a number of layers and a number of neurons per layer. The use of ANN in the data
analysis of blood serum Raman spectra allows for the differentiation between patients with
Alzheimer’s disease, other types of dementia, and healthy individuals [28]. DA is a supervised
data analysis technique, which requires a priori knowledge of each sample group membership.
DA computes a set of discriminant functions based on linear combinations of variables that
maximize the variance between groups and minimize the variance within groups according to
Fisher’s criterion. Sometimes it is very useful to combine both PCA and LDA approaches (called
PC-LDAmodel), which improves the efficiency of classification as it automatically finds the most
diagnostically significant features [29–31]. SVMs are kernel-based algorithms that transform data
into a high-dimensional space and construct a hyperplane that maximizes the distance to the
nearest data point of any of the input classes. Raman spectroscopy and SVM have been used as
methods for cancer screening [32].

5. Applications

The importance of the in vivo Raman spectroscopy is the number of potential biomedical
applications. One application is the in vivo noninvasive diagnosis, and most research papers
focus on cancer and skin diagnosis. In this section, a wide overview over applications in cancer
and skin diagnosis is given, with a focus on developments over the past 5 years.

5.1. Cancer diagnosis

One of the most common clinical targets under investigation with Raman spectroscopy is cancer
due to the possibility to measure biological samples minimally invasive, in vivo, and without
labeling. One important step that enables the introduction of in vivo measurements of cancer in
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focus on cancer and skin diagnosis. In this section, a wide overview over applications in cancer
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One of the most common clinical targets under investigation with Raman spectroscopy is cancer
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hollow organs is the development of fiber-optic Raman probes that can be implemented during
endoscopy [33].

5.1.1. Lung cancer

Short et al. designed a Raman probe for in vivo detection of lung cancer during autofluorescence
bronchoscopy [34], and they demonstrated the potential of Raman for in vivo diagnosis of lung
cancer by reducing the false positives of autofluorescence bronchoscopy [35].

5.1.2. Gastrointestinal cancer

In 2014, Bergholt et al. [36] performed an in vivo diagnostic trial to classify dysplasia in
Barrett’s esophagus (BE). They reported a diagnostic sensitivity of 87.0% and a specificity of
84.7%, which demonstrate that real-time Raman spectroscopy can be performed prospectively
in screening of the patients with suspicious BE in vivo. In a study conducted on mice with colon
cancer, Taketani et al. [37] identified alterations in its molecular composition of lipids and
collagen type I, along with its advancement. The tumor lesion was discriminated from normal
tissues of the control mouse with an accuracy of 86.8%. Stomach cancer diagnosis has been
another application in biomedical Raman spectroscopy [38]. Bergholt et al. have also reported
a statistically robust study where 450 patients underwent Raman endoscopy for identifying
gastric precancer based on PLS-DA [39]. The same group used in vivo Raman spectroscopy to
characterize the properties of normal colorectal tissues and to assess distinctive biomolecular
variations of different anatomical locations in the colorectum for cancer diagnosis. They con-
clude that interanatomical Raman spectral variability of normal colorectal tissue is subtle
compared to cancer tissue. Their PLS-DA model provided a diagnostic accuracy of 88.8%, a
sensitivity of 93.9% and a specificity of 88.3% for colorectal cancer detection [40].

5.1.3. Oral cancer

In a study conducted by Guze et al. [41], Raman spectra of oral diseases from 18 patients were
classified into a benign or malignant category using PCA-LDA, and the method provided
100% specificity with 77% sensitivity. Murali Krishna et al. reported the potential for Raman
spectroscopy to identify early changes in oral mucosa and the efficacy of this approach in oral
cancer applications [42]. Comparing noncancer locations in a smoking and nonsmoking pop-
ulation demonstrated prediction accuracies from 75 to 98%. Another group reported the
discrimination of normal oral tissue from different lesion categories with accuracies ranging
from 82 to 89% [43]. Recently, Lin et al. [44] reported the utility of fiber-optic–based Raman
spectroscopy for real-time in vivo diagnosis of nasopharyngeal carcinoma (NPC) at endoscopy.
A total of 3731 in vivo Raman spectra were acquired in real time from 95 subjects. Raman
spectra differ significantly between normal and cancerous nasopharyngeal tissues. Using
PCA-LDA, their method provided a diagnostic accuracy of 93.1% (sensitivity of 93.6%; speci-
ficity of 92.6%) for nasopharyngeal cancer identification. The Raman spectra of the diseased
tissue include oral squamous cell carcinoma (OSCC), oral submucosa fibrosis (OSMF), and oral
leukoplakia (OLK). The study achieved good diagnostic accuracy for the three diseased groups
and the normal group, which were 89, 85, 82, and 85%, respectively.
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5.1.4. Skin cancer

A clinical study of 453 patients to investigate different types of skin cancer was published in
2012 by Lui et al. [45]. The instrument used by the authors allowed an acquisition time of
approximately 1s and the software preprocessed the spectra immediately, which allowed to
investigate skin lesions in real time. Benign and malignant skin lesions including melanomas,
basal cell carcinomas, squamous cell carcinomas, actinic keratoses, atypical nevi, melanocytic
nevi, blue nevi, and seborrheic keratosis were investigated and discriminated by multivariate
analysis tools with sensitivities between 95 and 99%. Lim et al. determined the diagnostic
capability of a multimodal spectral diagnosis for in vivo noninvasive disease diagnosis of
melanoma and nonmelanoma skin cancers [46]. They acquired reflectance, fluorescence, and
Raman spectra from 137 lesions in 76 patients using optical fiber–based systems. They
obtained the best classification for nonmelanoma skin cancers when using multimodal
approach. On the other hand, the best melanoma classification occurred when using Raman
spectroscopy alone. A Raman probe to detect invasive brain cancer in situ in real time in
patients was developed by Jermyn et al. [47]. They demonstrated that Raman spectroscopy
can accurately detect grade 2–4 gliomas in vivo during human brain cancer surgery and it was
possible to differentiate between cancer cell–invaded brain and normal brain, with sensitivity
and specificity greater than 90%. Additionally, this approach can classify in real time, making it
an invaluable tool for surgical procedure and decision making.

5.2. Skin diseases

5.2.1. Atopic dermatitis

Several published works have used Raman spectroscopy to analyze the molecular composition
of skin and correlate it with history of atopic dermatitis (AD) and filaggrin gene (FLG) muta-
tions; Kezic et al. measured NMFs noninvasively on the skin of 137 Irish children with a
history of moderate to severe AD [48]. González et al. detected the presence of the protein
filaggrin in the skin of newborns using Raman spectroscopy and PCA as an early detection
procedure for filaggrin-related AD [49]. In order to detect the presence of filaggrin in the
Raman spectra, the coefficients of the principal components for each of the skin spectra from
newborns were calculated. The first and second principal components accounted for 93.86% of
all the explained variance of the original data. Figure 3 shows a graph of these two principal
components, also known as scores plot. In the figure, the gray solid circles correspond to those
infants who developed AD; the rest of the subjects are grouped together around the location of
the filaggrin spectrum, represented as a black solid circle. The geometrical distance of each
Raman spectra to the spectrum of filaggrin in the principal component plane indicates the
amount of filaggrin in the subjects. Lower distances indicate higher amount of filaggrin and
higher distances indicate lees amount of filaggrin or a filaggrin with a different molecular
structure than the molecule that was taken as a reference spectrum.

This result indicates that this approach can be used to identify the persons who are more
susceptible to develop AD, making it possible to use this technique as a method for early
detection of AD. González et al. validated the use of Raman spectroscopy as a noninvasive
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obtained the best classification for nonmelanoma skin cancers when using multimodal
approach. On the other hand, the best melanoma classification occurred when using Raman
spectroscopy alone. A Raman probe to detect invasive brain cancer in situ in real time in
patients was developed by Jermyn et al. [47]. They demonstrated that Raman spectroscopy
can accurately detect grade 2–4 gliomas in vivo during human brain cancer surgery and it was
possible to differentiate between cancer cell–invaded brain and normal brain, with sensitivity
and specificity greater than 90%. Additionally, this approach can classify in real time, making it
an invaluable tool for surgical procedure and decision making.

5.2. Skin diseases

5.2.1. Atopic dermatitis

Several published works have used Raman spectroscopy to analyze the molecular composition
of skin and correlate it with history of atopic dermatitis (AD) and filaggrin gene (FLG) muta-
tions; Kezic et al. measured NMFs noninvasively on the skin of 137 Irish children with a
history of moderate to severe AD [48]. González et al. detected the presence of the protein
filaggrin in the skin of newborns using Raman spectroscopy and PCA as an early detection
procedure for filaggrin-related AD [49]. In order to detect the presence of filaggrin in the
Raman spectra, the coefficients of the principal components for each of the skin spectra from
newborns were calculated. The first and second principal components accounted for 93.86% of
all the explained variance of the original data. Figure 3 shows a graph of these two principal
components, also known as scores plot. In the figure, the gray solid circles correspond to those
infants who developed AD; the rest of the subjects are grouped together around the location of
the filaggrin spectrum, represented as a black solid circle. The geometrical distance of each
Raman spectra to the spectrum of filaggrin in the principal component plane indicates the
amount of filaggrin in the subjects. Lower distances indicate higher amount of filaggrin and
higher distances indicate lees amount of filaggrin or a filaggrin with a different molecular
structure than the molecule that was taken as a reference spectrum.

This result indicates that this approach can be used to identify the persons who are more
susceptible to develop AD, making it possible to use this technique as a method for early
detection of AD. González et al. validated the use of Raman spectroscopy as a noninvasive
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tool to detect filaggrin gene mutations [50]. In this study, the amount of filaggrin was estimated
by performing the correlation between the pure filaggrin Raman spectrum and the skin spectra
obtained from Mexican patients with AD; the genetic analysis showed that 8 out of the 19
patients (42%) presented an FLG mutation. These 8 patients presented the 2282del4 FLG
mutation, 2 of which (10.5%) were homozygous and 6 (31.5%) heterozygous, whereas 1
(5.2%) resulted in a compound heterozygote for the 2282del4 and the R501X mutations. These
genetic results were compared to the filaggrin amount estimated; a lower correlation value of
the spectra with the filaggrin spectrum indicates a lower filaggrin concentration. Figure 4
shows the results of the correlation for the patients with an FLG mutation (FLG –) and without
an FLGmutation (FLG +). The patients with an FLGmutation presented an average correlation
of 0.286, while the patients without an FLG mutation showed an average correlation of 0.4.
Their results show that the correlation of the filaggrin Raman spectrum with the Raman

Figure 4. Correlation between the filaggrin Raman spectrum and the skin spectrum of subjects with (FLG �) and without
(FLG +) filaggrin gene mutations [50].

Figure 3. Plot of the two first principal components of the Raman spectra for each newborn (white circles) and the Raman
spectrum of filaggrin (black circle). The infants identified with the numbers 1, 9, and 11 developed AD (gray circles) [49].
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spectra of skin can be an indicator of filaggrin gene mutations. In another work, Baclig et al.
used a genetic algorithm to demonstrate that strongly reduced Raman spectral information is
sufficient for clinical diagnosis of atopic dermatitis [51].

5.2.2. Skin aging

Tfayli et al. reported slight variability in skin lipids upon aging [52]. The Raman spectral
features of the skin lipids shifted in lateral packing with increasing age of the volunteers.
González et al. differentiated between chronological aging and photoinduced skin damage by
PCA of in vivo Raman spectra from sun-protected and sun-exposed skin [53].

5.2.3. Nickel allergy

Alda et al. [54] detected biochemical differences in the structure of the skin of subjects with
nickel allergy when comparing with healthy subjects. The Raman spectral differences between
groups were classified using PCA.

5.2.4. Melasma

Moncada et al. [55] used Raman spectroscopy in melasma patients treated with a triple
combination cream (Tretinoin, Fluocinolona, and Hydroquinone) and found that the Raman
skin spectra of the melasma patients showed differences in the peaks associated to melanin at
1352 and 1580 cm�1 (Figure 5). The Raman skin spectrum of patients who did not respond to
treatment (Figure 1B) showed peaks that are not well defined, which are consistent with
molecule degradation and protein breakdown. These results are consistent with the results
reported previously by González et al. [56].

5.2.5. Other in vivo applications: UV/Vis Raman, Raman imaging, and SERS

In most of the in vivo Raman applications, near infrared (NIR) excitation sources are preferred.
NIR wavelengths in the range of 780–1100 nm result in lower fluorescence background in the
tissue and simplify the analysis of the Raman bands in comparison to visible or UV excitation.
The visible excitation sources have been used in various biomedical Raman applications [57].
However, the use of visible wavelengths has several disadvantages for in vivo biomedical Raman
applications such as the decrease of penetration depth, autofluorescence, and heat generation.
The UV radiation is not used for in vivo measurements due to the mutagenicity. In Raman
imaging [58], a laser spot scans the sample area and acquires Raman spectra at every set point.
The intensity of a specific Raman band or bands is used to build an image from cells and tissues.
Also the Raman spectra can be discriminated by chemometric analysis and the result is an image
of the sample that contains chemical information, also known as Raman chemical image. Other
methods of Raman imaging include coherent anti-Stokes Raman spectroscopy (CARS) and
stimulated Raman scattering. These methods have been applied to study biochemical interac-
tions in cells and tissues. However, the in vivo applications have been limited to animal models.
[59–61]. The Raman imaging has the disadvantage that long integration times are needed, which
limit its use for in vivo measurement in humans. Surface-enhanced Raman spectroscopy (SERS)
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spectra of skin can be an indicator of filaggrin gene mutations. In another work, Baclig et al.
used a genetic algorithm to demonstrate that strongly reduced Raman spectral information is
sufficient for clinical diagnosis of atopic dermatitis [51].

5.2.2. Skin aging

Tfayli et al. reported slight variability in skin lipids upon aging [52]. The Raman spectral
features of the skin lipids shifted in lateral packing with increasing age of the volunteers.
González et al. differentiated between chronological aging and photoinduced skin damage by
PCA of in vivo Raman spectra from sun-protected and sun-exposed skin [53].

5.2.3. Nickel allergy

Alda et al. [54] detected biochemical differences in the structure of the skin of subjects with
nickel allergy when comparing with healthy subjects. The Raman spectral differences between
groups were classified using PCA.

5.2.4. Melasma

Moncada et al. [55] used Raman spectroscopy in melasma patients treated with a triple
combination cream (Tretinoin, Fluocinolona, and Hydroquinone) and found that the Raman
skin spectra of the melasma patients showed differences in the peaks associated to melanin at
1352 and 1580 cm�1 (Figure 5). The Raman skin spectrum of patients who did not respond to
treatment (Figure 1B) showed peaks that are not well defined, which are consistent with
molecule degradation and protein breakdown. These results are consistent with the results
reported previously by González et al. [56].

5.2.5. Other in vivo applications: UV/Vis Raman, Raman imaging, and SERS

In most of the in vivo Raman applications, near infrared (NIR) excitation sources are preferred.
NIR wavelengths in the range of 780–1100 nm result in lower fluorescence background in the
tissue and simplify the analysis of the Raman bands in comparison to visible or UV excitation.
The visible excitation sources have been used in various biomedical Raman applications [57].
However, the use of visible wavelengths has several disadvantages for in vivo biomedical Raman
applications such as the decrease of penetration depth, autofluorescence, and heat generation.
The UV radiation is not used for in vivo measurements due to the mutagenicity. In Raman
imaging [58], a laser spot scans the sample area and acquires Raman spectra at every set point.
The intensity of a specific Raman band or bands is used to build an image from cells and tissues.
Also the Raman spectra can be discriminated by chemometric analysis and the result is an image
of the sample that contains chemical information, also known as Raman chemical image. Other
methods of Raman imaging include coherent anti-Stokes Raman spectroscopy (CARS) and
stimulated Raman scattering. These methods have been applied to study biochemical interac-
tions in cells and tissues. However, the in vivo applications have been limited to animal models.
[59–61]. The Raman imaging has the disadvantage that long integration times are needed, which
limit its use for in vivo measurement in humans. Surface-enhanced Raman spectroscopy (SERS)
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was used for in vivo biomedical applications to detect biomarkers in animal models [62–64].
However, the toxicity issues related to nanoparticles used for SERS make this method infeasible
for in vivo Raman measurements of human tissue.

Other alternatives for in vivo biomedical applications are to combine Raman spectroscopy with
other optical methods. For example, Raman spectroscopy has been combined with optical
coherence tomography [65, 66], confocal reflectance microscopy [67, 68], diffuse reflectance,
and fluorescence spectroscopy [46, 69]. The disadvantages of the multimodal approach are
the higher cost and complexity of the system needed to perform the measurements. However,
the multimodal approach has the advantage, when comparing with Raman spectroscopy alone
that provides complementary and more detailed information about the disease and more
accurate diagnosis in terms of both sensitivity and specificity.

6. Limitations

Among the disadvantages of Raman spectroscopy for biomedical applications is the weakness
of the Raman effect, which most of the time is often accompanied by a stronger background

Figure 5. Raman skin spectra of all melasma patients, grouped by patients who responded to the treatment (A) and
patients who did not respond to treatment (B). For each group, the central solid line corresponds to the mean of the
spectra of each group, and the gray shadow around this line represents the standard deviation [55].
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signal particularly in biological samples. The background removing includes changes in
instrumentation, which means high-complexity and high-cost systems. One alternative is the
algorithm-based methods for fluorescence background removing. However, these methods
cannot deal with all types of fluorescence without user intervention to adjust algorithm
parameters. Additionally, the complexity of the fitting algorithms makes it difficult to use by
nonexperts. Other limitation is that not all the molecules are Raman active, which means that
some molecules do not give Raman signal. The potential of damaging the sample due to the
laser exposure, which depends on the excitation wavelength, has to be taken for in vivo
measurements. To solve this problem, lower energy excitation sources in the NIR range are
preferred. Demonstrating the safety of these devices to regulatory agencies is a very important
step for clinical implementation. For the in vivo diagnosis applications, larger studies are
needed in order to test the reliability of the results. To date, a short number of studies involving
a sufficient number of patients are reported. The lack of standardized and reliable methods for
data analysis is an important limitation. Thus, standardization of measurement procedures,
instrument calibration, processing, and evaluation of data is needed. Also the information
provided by Raman spectra must be displayed in user-friendly, simple format, including
clinically relevant information for diagnosis.

7. Conclusions and outlook

From the applications described in this chapter, it is clear that Raman spectroscopy has a great
potential for in vivo measurements and identification of disease markers, which would make
this technique a viable option for noninvasive medical diagnosis. Among the advantages of
using Raman spectroscopy as a noninvasive tool for medical diagnosis is the fact that water is
not Raman-active; therefore, it does not interfere with measurements. Also, the technique is
noninvasive and fast and gives specific information about the structure and biochemical
composition of samples, making it a viable option to identify molecules that are associated
with disease.

Raman spectroscopy is likely to become a key player for in vivo and noninvasive medical
diagnosis; however, in order to become a useful and reliable technique, it is important to use
it along with signal processing methods and chemometrics in order to automatize and increase
the reliability of the measurements and the identification of the molecules of interest.

An area of development that would accelerate the use of Raman spectroscopy in a clinical
environment is the design of low-cost and portable Raman spectrometers, which would
make their use more appealing for the medical community. Research in this area could also
lead to an integrated optics Raman spectrometer, which would make the use of this tech-
nique useful in wearable health devices and monitoring of health parameters in a clinical
environment.

It is the authors’ belief that the combination of optimized instrumentation, standardized
measurement procedures, preprocessing, and data analysis will allow Raman spectroscopy to
become a powerful tool for disease diagnostics and a common clinical tool in a hospital
environment.

Raman Spectroscopy for In Vivo Medical Diagnosis
http://dx.doi.org/10.5772/intechopen.72933

305



was used for in vivo biomedical applications to detect biomarkers in animal models [62–64].
However, the toxicity issues related to nanoparticles used for SERS make this method infeasible
for in vivo Raman measurements of human tissue.

Other alternatives for in vivo biomedical applications are to combine Raman spectroscopy with
other optical methods. For example, Raman spectroscopy has been combined with optical
coherence tomography [65, 66], confocal reflectance microscopy [67, 68], diffuse reflectance,
and fluorescence spectroscopy [46, 69]. The disadvantages of the multimodal approach are
the higher cost and complexity of the system needed to perform the measurements. However,
the multimodal approach has the advantage, when comparing with Raman spectroscopy alone
that provides complementary and more detailed information about the disease and more
accurate diagnosis in terms of both sensitivity and specificity.

6. Limitations

Among the disadvantages of Raman spectroscopy for biomedical applications is the weakness
of the Raman effect, which most of the time is often accompanied by a stronger background

Figure 5. Raman skin spectra of all melasma patients, grouped by patients who responded to the treatment (A) and
patients who did not respond to treatment (B). For each group, the central solid line corresponds to the mean of the
spectra of each group, and the gray shadow around this line represents the standard deviation [55].

Raman Spectroscopy304

signal particularly in biological samples. The background removing includes changes in
instrumentation, which means high-complexity and high-cost systems. One alternative is the
algorithm-based methods for fluorescence background removing. However, these methods
cannot deal with all types of fluorescence without user intervention to adjust algorithm
parameters. Additionally, the complexity of the fitting algorithms makes it difficult to use by
nonexperts. Other limitation is that not all the molecules are Raman active, which means that
some molecules do not give Raman signal. The potential of damaging the sample due to the
laser exposure, which depends on the excitation wavelength, has to be taken for in vivo
measurements. To solve this problem, lower energy excitation sources in the NIR range are
preferred. Demonstrating the safety of these devices to regulatory agencies is a very important
step for clinical implementation. For the in vivo diagnosis applications, larger studies are
needed in order to test the reliability of the results. To date, a short number of studies involving
a sufficient number of patients are reported. The lack of standardized and reliable methods for
data analysis is an important limitation. Thus, standardization of measurement procedures,
instrument calibration, processing, and evaluation of data is needed. Also the information
provided by Raman spectra must be displayed in user-friendly, simple format, including
clinically relevant information for diagnosis.

7. Conclusions and outlook

From the applications described in this chapter, it is clear that Raman spectroscopy has a great
potential for in vivo measurements and identification of disease markers, which would make
this technique a viable option for noninvasive medical diagnosis. Among the advantages of
using Raman spectroscopy as a noninvasive tool for medical diagnosis is the fact that water is
not Raman-active; therefore, it does not interfere with measurements. Also, the technique is
noninvasive and fast and gives specific information about the structure and biochemical
composition of samples, making it a viable option to identify molecules that are associated
with disease.

Raman spectroscopy is likely to become a key player for in vivo and noninvasive medical
diagnosis; however, in order to become a useful and reliable technique, it is important to use
it along with signal processing methods and chemometrics in order to automatize and increase
the reliability of the measurements and the identification of the molecules of interest.

An area of development that would accelerate the use of Raman spectroscopy in a clinical
environment is the design of low-cost and portable Raman spectrometers, which would
make their use more appealing for the medical community. Research in this area could also
lead to an integrated optics Raman spectrometer, which would make the use of this tech-
nique useful in wearable health devices and monitoring of health parameters in a clinical
environment.

It is the authors’ belief that the combination of optimized instrumentation, standardized
measurement procedures, preprocessing, and data analysis will allow Raman spectroscopy to
become a powerful tool for disease diagnostics and a common clinical tool in a hospital
environment.
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