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Preface

This book covers theoretical and experimental aspects of the laser ablation
phenomenon for material processing including pulsed laser deposition of thin
films, laser surface modification, laser machining and laser nanoparticle formation.
It also includes a study of the dynamics of plasmas generated by laser ablation of
multicomponent materials and an overview of laser-induced breakdown spec-
troscopy (LIBS) and laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) techniques for chemical analysis. Chapter 1 exploits the use of the
Combinatorial Pulsed Laser deposition (CPLD) method to create functional
interface libraries of metal oxides by continuously modulating the composition of
interfaces at the first few atomic layers to alter their functional properties. Chapter 2
presents an overview of the fabrication and applications of Transition Metal
Dichalcogenides (TMDCs)-based photodetectors fabricated by the Pulsed Laser
Deposition (PLD) method. It highlights the advantages and limitations of using
PLD for fabricating TMDCs-based photodetectors, as well as describes unresolved
problems and suggested future directions in this field. Chapter 3 presents the
deposition and characterization of thin films of ZnO, MoO; and MoO, as well as
binary oxides such as ZnO/MoO; by the PLD method for field-effect transistor
applications. Chapter 4 gives a concise overview of various laser-based surface
modification processes including laser surface hardening, melting, alloying, cladding
and texturing for improving the microstructure, hardness and wear resistance of
mechanical components. Chapter 5 presents an excellent overview of laser beam
machining techniques. It provides an easy-to-understand explanation of how

lasers work, the unique properties of laser beams, types of lasers available, and
applications of lasers in the machining of materials. The chapter also describes the
construction of laser machining apparatus and the mechanism of material removal.
Finally, it discusses the advantages and limitations of laser machining as compared
to other conventional machining processes. Chapter 6 gives an overview of using
laser ablation in the presence of a background gas to fabricate specific nanoparticles
under non-equilibrium states. The chapter describes the mechanism of nanoparticle
formation during laser ablation processes and methods to control the inter-particle
spacing and patterns of nanoparticles in a film to obtain novel properties. It also
describes the application of nanoparticles and thin films deposited for functional
devices in several fields. Chapter 7 presents an experimental investigation and
theoretical modeling of transient plasmas generated by laser ablation of complex
metallic Cu-Mn-Al and Fe-Mn-Si targets. Space- and time-resolved optical emission
spectroscopy and fast camera imaging were used to understand the dynamics of
multicomponent plasmas. Chapter 8 gives an overview of the LIBS and LA-ICP-MS
techniques. It examines the principal, instrumentation, analytical performance,
data acquisition and imaging, calibration challenges and sensitivity improvement
strategies for both techniques. It also provides representative examples of using
LIBS and LA-ICP-MS techniques for chemical analysis in environmental, biological,
medical, and forensic research.

Through these eight chapters, which include original research studies and literature
reviews written by experts from the international scientific community, the reader



will gain a better understanding of the laser ablation process for processing
materials and chemical analysis. I gratefully acknowledge all chapter authors for
their enthusiastic and collaborative contributions and many thanks to Publishing

Process Manager Ms. Mia Vulovic for her guidance and support in the preparation
of this book.

Dongfang Yang, Ph.D.

Senior Research Officer,

Automotive and Surface Transportation,
National Research Council Canada,
Ottawa, Ontario, Canada
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Chapter1

Interface Combinatorial Pulsed
Laser Deposition to Enhance
Heterostructures Functional
Properties

Jérome Wolfman, Beatrice Negulescu, Antoine Ruyter,
Ndioba Niang and Nazir Jaber

Abstract

In this chapter we will describe a new development of combinatorial pulsed
laser deposition (CPLD) which targets the exploration of interface libraries. The
idea is to modulate continuously the composition of interfaces on a few atomic
layers in order to alter their functional properties. This unique combinatorial
synthesis of interfaces is possible due to very specific PLD characteristics. The first
one is its well-known ability for complex oxide stoichiometry transfer from the
target to the film. The second one is the layer by layer control of thin film growth at
the atomic level using in-situ RHEED characterization. The third one relates to the
directionality of the ablated plume which allows for selective area deposition on the
substrate using a mobile shadow-mask. However PLD also has some limitations and
important PLD aspects to be considered for reliable CPLD are reviewed. Multiple
examples regarding the control of interface magnetism in magnetic tunnel junc-
tions and energy band and Schottky barrier height tuning in ferroelectric tunable
capacitors are presented.

Keywords: combinatorial synthesis, oxide thin films and multilayers, functional
heterostructure

1. Introduction

The first report of laser ablation generated plasma to deposit a film dates back
to 1965, using a continuous ruby laser [1]. As the obtained film quality was inferior
to those made with other deposition techniques at that time, the laser deposition
remained confidential for two decades. The discovery mid 80’ of the high Tc
superconductor YBa,Cuz07., (YBCO) [2-3] triggered a frantic search for room
temperature superconducting cuprates materials, including strong effort for thin
film synthesis. The complex cuprate cationic composition makes film growth
difficult using conventional physical vapor deposition (PVD) techniques like
magnetron sputtering or evaporation. Indeed, to grow films with the right com-
position it is mandatory to start with a stoichiometric plasma. The Ar" sputtering
rate of multi-cationic targets and the distribution in the plasma strongly depends
on the cations mass, which precludes the use of a stoichiometric target to obtain
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a stoichiometric plasma. The offset target composition leading to stoichiometric
films is unpredictable and a trial-and-error method is usually employed that renders
magnetron sputtering an impractical technique for multi-cationic new materials
research. Evaporation temperatures depend on the nature of the cations, which make
a thermal vaporization of stoichiometric target inappropriate too. The attempt to
produce cuprates films using sputtering and evaporation led to poor quality films.

Ceramic target vaporization based on laser ablation does not depend on the
nature of the atoms within the target and result in a stoichiometric plasma as long
as the energy per surface unit (i.e. the laser fluence) is above the ablation threshold.
Venkatesan and co-workers were the first to vaporize an YBCO target using a pulsed
excimer laser (UV KrF). After fine tuning the ablation conditions by checking the
spatial distribution of the cations they rapidly produced superconducting films
having the best physical properties of that time [4]. This first successful synthesis
of high Tc cuprates films using a pulsed laser drew the interest of the community
and several laboratories started working in the field now known as pulsed laser
deposition (PLD). In the following decade, beside cuprates superconductors, strong
interest in colossal magneto-resistive manganites and multiferroic ferrites has
arisen. This intense scientific activity on multi-cation oxides associated to PLD ease
of use, versatility and reasonable cost contributed to its rapid expansion in the 90%.

Since then PLD based thin film research thrived over a wide range of materials,
physical properties and applications. PLD has benefited from in-situ real-time
characterization tools developed for other deposition technique to mature into an
epitaxial film growth method with control at the atomic scale and able to produce
heterostructures with sharp interfaces. At the end of the 90’s, material scientists
considered transposing combinatorial synthesis, a high throughput synthesis
method developed by the pharmaceutical industry, to the field of multi-cation
oxides research. Combinatorial PLD (CPLD) rapidly emerged, the basic idea being
to grow on a single substrate, in a single deposition run, a film with continuous
in-plane chemical modulation. In this way, a wide range of chemical composi-
tions are produced within the same sample and can be quickly scanned to identify
compounds with optimum targeted properties. Since the new millennium, CPLD
has been refined and its field extended to ternary phase diagram exploration. More
recently CPLD research field has been extended to a new territory: the exploration
of interface compositions in heterostructures with enhanced functional properties
a.k.a. Interface Combinatorial Pulsed Laser Deposition (ICPLD).

2. Pulsed laser deposition for combinatorial synthesis

The aim of this chapter is not to thoroughly describe PLD but to emphasize its
most important aspects, advantages and limitations with regard to combinatorial
synthesis of oxide films and heterostructures. The reader interested in an exhaus-
tive description of PLD is encouraged to consult PLD’s introduction reference book
[5] or the other chapters devoted to the subject in this book.

The first pre-requisite for CPLD is the growth of films with uniform thickness
and homogeneous composition over the entire sample surface. Although PLD
has a reputation for stoichiometric transfer from the target to the film, this is not
however straightforward and several deposition parameters have to be fine-tuned.
Starting from the formation of a stoichiometric plasma, target thermal vaporization
occurring below the ablation threshold should be reduced as much as possible. This
means that local fluence everywhere on the laser beam spot should be above the
ablation threshold, implying very steep sidewalls of the laser beam energy distribu-
tion. Such a distribution, called a top-hat, necessitate laser beam shaping with a
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beam homogenizer. The laser beam divergence depends on the discharge voltage
and could affect the beam spot size and energy distribution depending on the beam
shaping method, so the discharge voltage should be kept constant. The plasma
expands from the target toward the substrate in the form of a plume which interacts
with ambient gas molecules or atoms. Multiple collisions per atom or ions occur
leading to a thermalized but still highly directional plasma reaching the substrate. It
follows a radial distribution of thickness and composition at the substrate surface.
In order to get a uniform and homogeneous film, one has to scan the plume with
respect to the substrate, by either scanning the laser spot over the target surface

at constant focus and/or moving the substrate (rotation, translation). Doing so

will result in a film with much increased thickness uniformity and homogeneous
composition. However the composition may not match the target stoichiometry.
Indeed, it has been shown that cationic off-stoichiometry up to a few percent occurs
depending on the fluence for a fixed spot size and target-substrate distance [6]. So
cationic composition/uniformity should always be checked versus fluence with high
sensitivity characterization techniques. Once the right fluence has been determined
and stabilized over the laser spot on the target, it is crucial to ensure that it stays
constant in time. Regarding this point, two factors have to be taken into account.
The first one is the degradation of the excimer laser gas charge with time, leading to
a drop of the output energy. As already specified, it is advisable to work at constant
voltage discharge, so one should not compensate the energy drop with voltage. The
solution is to start with a higher energy output than required and to modulate the
beam energy with an external attenuator. The second factor is the laser attenuation
at the chamber introduction viewport. Although the visible part of the plasma, i.e.
the plume, is very forward peaked, some low energetic species are slowly deposited
everywhere in the chamber, including on the introduction viewport. This leads to

a time varying attenuation which will affect the fluence at the target surface. To
compensate for this attenuation, it is mandatory to measure the fluence after the
viewport and to increase the input energy accordingly. One can reorient the beam
out of the chamber through a pollution preserved port with a translatable UV mirror
to measure its energy without breaking the vacuum.

The second pre-requisite for CPLD is a layer by layer growth mode for a control
of the composition at the unit cell level. Layer by layer PLD growth of various
perovskites has been demonstrated multiple times using in-situ real time grazing
incidence electron diffraction (RHEED). This ability for 2d growth comes from the
very peculiar and sequential PLD surface crystallization kinetic. Indeed, although
average PLD deposition rate is quite slow, instantaneous deposition rate a few ps
after laser pulses is extremely high, creating a supersaturation close to the surface
which results in high nucleation rate. The large number of nucleus present after the
first pulse favors 2d growth. Furthermore, as PLD relies on photon to vaporize the
target, the ambient gas pressure can be varied over a very wide range from vacuum
level to a few mbar. The deposition pressure allows for the control of the energy of
the species reaching the substrate and ultimately their remaining kinetic energy to
explore the surface and find the nucleation sites.

The last pre-requisite for CPLD is the ability to lower the average deposition
rate per pulse to produce the smallest composition step when mixing materials
from different targets. For a fixed fluence and target-substrate distance, the deposi-
tion rate per pulse strongly correlates with the laser spot size on the target which
is easily adjustable. Deposition rate as low as a few hundred pulses per perovskite
unit cell thick layer can be reached. One drawback of PLD is the lack of deposition
rate stability. Indeed the structure of the irradiated target surface evolves with laser
exposure; the deposition rate lowering with target aging is more severe for a brand
new surface and decays with target exposure. Scanning over a large area of the
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target reduces the number of laser spots per location and makes this problem less
stringent. It is however mandatory to calibrate the deposition rate prior a deposition
or to measure it in-situ using RHEED.

3. Combinatorial pulsed laser deposition

The concept of combinatorial research, initially introduced in the pharmaceuti-
cal industry, aims at synthesizing a large number of compounds with complex and
systematically varied composition in a single batch. A high speed characterization
technique is then used to scan through this material library and identify the com-
pounds presenting the targeted property.

This approach is very appealing regarding multi-cationic perovskite-related
oxides. Indeed their physical properties, covering a very wide span (supercon-
ductivity, ferroelectricity, ferromagnetism, colossal magnetoresistance, tunable
resistivity ...), result from the subtle equilibrium between competing interactions
involving charges, spins and orbitals. This results in an extreme sensitivity of the
properties to the cationic composition and requires a fine, thorough and systematic
scanning in order to optimize the performances.

The first thin film combinatorial synthesis attempts implied multiple successive
room temperature depositions to vary the composition. Several annealing steps
were then required for thermal diffusion and crystallization. This approach, where
reaction products are dominated by thermodynamic like in ceramic sintering, is not
appropriate for epitaxial thin films and heterostructures. On the contrary, epitaxial
oxide thin films growth by PLD does not require post-deposition annealing. Moreover
the directionality of the plume allows for localized deposition on the substrate
through a shadow-mask. These multiple advantages were soon associated to combina-
torial synthesis of oxide materials at the end of the 90’ simultaneously in the United
States and in Japan. The original approach is schematically described in Figure 1.

The single unit cell combinatorial cycle consists of two successive depositions
from different targets. The material deposited from each target is distributed across
the substrate surface using a moving shadow-mask in order to vary locally the layer
completeness (from 0-100%). After one deposition cycle, the resulting luc thick
layer has a composition which varies laterally from one target composition to the
other (composition spread). Then this deposition cycle is repeated N times in order
to achieve targeted final film thickness.

This idealized combinatorial PLD synthesis produces a continuous variation of
compositions on a single sample, guarantying identical growth conditions for all
compositions and eliminating the risk of sample variability.

single uc cycle single uc library
b h Sideview
1 SupDstra .
Singlelaver o gRSEERS mEEENN  EEEEE- 1 Bi.GafeO;
completeness 100% gradient

0 lcm

Moving mask — —
synchronized

with laser pulses for

localized deposition u

Figure 1.
Schematic of the combinatorial single layer synthesis and of the resulting composition spread library
(e.g. Bi, xGa,FeO, composition library).

Top view
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A consequence of CPLD is the necessity to use local probes to scan through
the compositions library and assess performances. There is a trade-off between the
minimum probe size required to measure the targeted physical property and the
lateral composition gradient in order to characterize a “homogeneous” compound at
the probe level.

The main difficulty regarding CPLD synthesis is to reach adequate control of
both local composition and thickness using PLD. As explained in the previous
chapter this requires long in-depth preparation work involving chemical character-
ization and exhaustive optimization of all the deposition parameters.

A prerequisite to reliable CPLD synthesis is to produce a uniform and smooth
film with constant composition and thickness from each target over the surface
of the future CPLD samples. One should not attempt CPLD before proving this
achievement. Another important point is to keep a statistical approach to the
characterization of the libraries. It is tempting to produce ternary phase diagrams
using 3 different targets on a single substrate. However, in this case there is only
one location on the sample per compound which is statistically insufficient. To our
knowledge, any published work concerning CPLD ternary phase diagrams on a
single sample does not present a proper characterization that demonstrates the con-
trol of the composition and thickness across the library. This is not very surprising
knowing how difficult it already is to master a single gradient for a binary diagram
across one sample. Unfortunately even for binary samples a large number of CPLD
articles have been published without any evidence of control of composition/
thickness which brought some discredit on CPLD among the scientific community.
To change this perception and reinforce CPLD credit, we proposed a decade ago a
statistical approach to the characterization of both the composition and the physical
properties for binary phase diagram [7]. More recently we developed an alternative
approach to explore ternary phase diagrams: instead of trying to produce the full
ternary phase diagram on a single sample, we select lines of compositions cutting
through the corresponding triangular diagram. Each synthesized sample has a
composition gradient in one direction with the compositions defined for one line
[8]. This way statistical characterization are possible along the direction orthogonal
to the gradient. Scanning through the ternary phase diagram along multiple lines
thus requires the synthesis of a few samples with only three targets.

To illustrate the effectiveness of CPLD we will discuss about the search for
new lead-free piezoelectrics to replace (1-x) PbZrO;-xPbTiO; (PZT), the most
used material in microelectromechanical systems for sensing, actuating, or energy
harvesting applications. PZT ferroelectric films present large piezoelectric coef-
ficients and electromechanical coupling, enabling long range motions and high
energy densities [9]. A unique characteristic of lead-based solid solutions present-
ing high piezoelectric coefficients is the strong enhancement of their piezoelectric
response in the vicinity of a composition induced phase transition between fer-
roelectric phases with different crystalline symmetries, called a morphotropic
phase boundary (MPB). In PZT the MPB lies between a rhombohedral ferroelectric
phase and a tetragonal ferroelectric phase [10]. The microscopic origin of this
enhanced piezoelectric activity is still being debated but usually involves easiness
of polarization rotation at the MPBs [11-13]. PZT is lead-based and thus targeted by
environmental regulations (e.g. RoHS EU Directive). Thus, alternative piezoelectric
lead-free materials are required, and an obvious direction is to look for MPBs in
other ferroelectric solid solutions. The rhombohedral perovskite BiFeO; (BFO),
being a robust ferroelectric (Tc ~ 1100 K) with record polarization (100 pC-cm’z),
is a good starting point [14, 15]. Solid solutions of BFO with tetragonal ferroelectric
perovskite phase like PbTiO; and BaTiO; have been synthesized, and MPBs have
been found in both cases [16, 17].
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As previously discussed, the first step is to produce uniform films of controlled
composition before aiming to CPLD. The Bi element being volatile, the stabiliza-
tion of pure BFO in thin films is not straightforward, as several parasitic phases
can coexist. To compensate for Bi volatility we used an enriched Bi; ;FeO; target
and found the range of temperature, oxygen pressure and fluence which lead to
pure BFO films. The structure was studied by x-ray micro-diffraction (W XRD) and
Bi/Fe ratio by Rutherford Back Scattering (RBS) versus laser fluence. A fluence
of 1.72 J-cm™ was identified as giving Bi/Fe = 1 with a deposition temperature of
700°C, an oxygen pressure of 0.2 mbar, a laser repetition rate of 6 Hz with a target-
substrate distance of 4.5 cm [18]. RBS is an averaging technique (spot size of 2 x
2 mm?), so to assess local uniformity of thickness and composition we turned to an
Electron Probe Micro-Analyzer (EPMA) equipped for Wavelength Dispersive X-Ray
Spectroscopy (WDS) (see [18] for details). A specific thin film analysis program has
been used to determine BFO’s composition (TFA/WDS layerf, Cameca). BFO film’s
density x thickness product (p-t) and composition were simultaneously computed.
Thirty measurements were realized with a beam diameter of 20 pm (20 keV, 100 nA)
every 300 nm along the film. Figure 2a represents the p.t product and the weight
percentages of Bi, Fe and O after self-consistent analysis of the raw data. The average
value of p.t is 242 pg/cm’ with a standard deviation of 5.4 pg/cm?” equivalent to a rela-
tive variation of 2.2%. Considering the bulk BFO density (d = 8.38 g/cm’) we find
a thickness t = 289 nm + 6.5 nm (1c). The stability of composition is even greater
along the sample. The average weight percentages and standard deviations for the
Bi and Fe, transposed into atomic percentages are respectively 20.02% + 0.08% and
19.98% + 0.08% for an expected value of 20%. With these statistical analysis, we
find that the composition dispersion is Bi 1,001 + 0.004F€0.999 + 0.00403 (1) and thickness
standard deviation o(t) <2.2% i.e. a very good thickness and composition unifor-
mity along the sample surface. As the aim was to measure the piezoelectric coef-
ficient of BFO-based solid solution, we deposited BFO onto Lag ¢St ,MnO; (LSMO),
an epitaxial conductive oxide electrode grown on SrTiO; (001) substrate. A zoom
of the 0-20 X-ray diffraction pattern around (001) diffraction peak is shown in
Figure 2b. Only (00 1), (pseudo-cubic notation) oriented diffraction peaks are
visible on this pattern while no parasitic phase could be detected [19]. The thickness
(Pendellosung) fringes observed around both LSMO and BFO (001) reflections
demonstrate the crystalline quality and the smoothness of surface and interfaces.

We choose GaFeO; (GFO) as the second member of the solid solution to be
explored in order to find a MPB. GFO does not have a perovskite structure but
crystallizes in a much more complex orthorhombic structure (SG Pc21n) [20]. In

a) o P ‘ ‘
0l ot — M s o 10° BiFe0, SrTi0, (001)
Bi (%at) = 20.02% +0.08% (1) (001)_ :
400_ SRR E AP PRRSAECRRNIEERBORRGEIERE . =
« B 1808 @ ]
Ey Fe s e}
£ .0 g 8
‘6’ Rt L T T L L S 40 % '? 10
= 2004 c(pxt)=2.2% o @
-— - @ =
= l2o® £ 173
a ....l..I.I..I'.l.........l.‘..: g
Fe (%at) = 19.98% £0.08% (1o) 10° 4BFO (46nm)/LSMO(3Tnm)/STO
0 T T T T 0 y y y
0 3 i p z 10 20 21 2922(") 23 24

Position (mm)

Figure 2.

(a) Evolutions of density x thickness product (pt) and weight percentages of Bi, Fe and O as a function of
the position (adapted from [18] with permission) and (b) X-ray diffraction pattern of BFO/LSMO/STO
hetevostructure.
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the (1-x)BFO - (x) GFO system (BGFO) designed here, Ga®* cations have incen-
tives to substitute for Bi**. Small ions like Ga>* do not occupy perovskite A-site

in conventionally synthesized ceramics. However, perovskites with small A-site
cations like Sc** and Mg”* have recently been stabilized using high-pressure high-
temperature synthesis, and Ga®* is envisaged as A-site cation in this emerging field
[21]. Epitaxial strain during PLD growth has longtime proven to be an alternative

to high pressure synthesis for metastable phase stabilization [22]. As GFO is not a
perovskite, we do not expect to obtain a solid solution at high x values, so we limited
our range of investigation to 0 < x < 0.12. In this range, the Goldsmith tolerance
factor t is greater than 0.87, not too far from non-substituted BFO’s tolerance factor
(t = 0.89), and compatible with a distorted perovskite structure. So, it is plausible
that some Ga®* ions occupy the perovskite A-site in our films, although it is probable
too that part of the Ga®* shares the B-site together with Fe**. The Ga®* substitution
for Bi** being limited to 0%-12%, the BFO deposition conditions were used for
GFO. WDS analysis were done along and across the composition gradient (1 point
each 300 pm). Assuming the Bi,,Ga,Fe,O, formula with z = 3, cationic contents w,
x, and y have been extracted from these measurements, the error being estimated to
0.005. The extracted Ga content is plotted versus position in Figure 3a, showing a
linear increase from 0% up to 12%, in good agreement with the nominal concentra-
tions. We note that both Bi and Fe contents decrease from 1 in pure BiFeO; to about
0.97 for 6% Ga doping. As x increases from 6-12%, Fe content goes back to about
1.0 while Bi content continue to decrease [19]. From these values, one could suspect
that Ga is substituted partly for Bi and partly for Fe.

X-ray Reciprocal Space Mapping (RSM) around the (103),, reflection have
shown that BGFO and LSMO are epitaxial on STO (not shown here, see [19]). The
lattice parameters evolutions confirm that Ga effectively enters into the BFO
structure. Furthermore a characteristic splitting of the (103),. reflection of BFO
strained by cubic STO disappears for a Ga content 5% < x < 7%. This indicates a
change of symmetry of the film and might be the signature of a MPB. Piezoelectric
characterizations were made on 30 x 30 pm” top Pt electrodes (dc-sputter deposited
via a lift-off process) using a laser scanning vibrometer (LSV model MSA-500,
Polytec, Vac = 1 V) (see schematic of the heterostructure Figure 3b top). A typical
mapping of the extracted effective piezoelectric coefficient 42 across one elec-
trode, using a 3 pm laser spot size, is presented in Figure 3b (bottom), showing a
uniform displacement. The d coefficients were extracted from fifteen LSV
measurements on each electrode and three different lines across the composition
gradient were measured. Figure 3c shows the variation of the 4/ as a function of
Ga content with standard deviation represented as error bars. After a slow increase
of d¥f atlow Ga content, a sharp peak centered at about 6.5% is observed.
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(a) Ga concentration measured by WDS along the composition gradient. (b) Heterostructure schematic (top)
and dZ mapping of a top electrode measured by laser vibrometry (bottom). (c) BGFO df as a function of
Ga content. From [18] with permission.
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(a) Fervoelectric cycles for various Ga contents measured at 77 K. the corresponding coercive fields, remanent
and saturation polarigations and electric field offsets ave plotted in (b), (c) and (d) respectively.

The maximum dZf value, about 53 pm/V, is twice larger than the value obtained for

undoped BFO. Finally, above x = 8%, dZ falls to 15 pm/V. The sharp enhancement
of piezoelectric properties occurring around 6.5% of Ga doping is correlated with
the symmetry change observed around the same composition by RSM [19]. To
confirm the presence of a MPB we looked for a change in the ferroelectric properties
of BGFO with Ga content x. We used a ferroelectric tester (Radiant LC II) to
measure polarization hysteresis P(E). The hysteresis cycles presented Figure 4 were
acquired at liquid nitrogen temperature.

A clear transition in the ferroelectric cycle shapes is visible Figure 4a as Ga
content increases. As the Ga content gets over 6%, a strong increase of the coercive
field (Figure 4b) associated to a strong decrease of both saturation and remnant
polarization (Figure 4c) are observed, together with a change of sign of the electric
field offset (hysteresis imprint Figure 4d). This demonstrates that a change of
ferroelectric phase is occurring, correlated to the df peak, and implies that a MPB
is present in BGFO at about 6.4%. It is important to note that the d&f peak is very
sharp in composition and that a conventional ceramic approach with 1% doping
steps would have miss it, emphasizing the power of the continuous composition
spread in CPLD.

4. Interface combinatorial pulsed laser deposition
4.1Interfaces of oxide heterostructures: the new territory

In strongly correlated complex oxides, charge, spin, orbital and lattice degrees
of freedom co-exist and interplay cooperatively. In particular the complex balance
between these degrees of freedom and related interactions generates a rich spec-
trum of competing phases in perovskites or perovskite-derived materials (e.g. high
Tc superconductor, metal-insulator transitions, magnetism, ferroelectricity, piezo-
electricity...). The recent progress in deposition techniques allowed the production
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of complex perovskites heterostructures with atomically sharp interfaces, which
expanded material researcher’ horizon. Fascinating phenomena and novel states
of matter at complex oxide heterointerfaces have been reported. One can cite for
instance the existence of high mobility 2d electron gas at LaAlO; / SrTiO; interface,
even becoming superconducting at low temperature, while both materials taken
separately are insulating [23, 24]. Another striking example is the transition of
CaTiO; from its usual non-polar state into a high-temperature polar oxide thanks to
interfacial tilt epitaxy [25]. The isomorphism of the ABO; perovskite oxide struc-
ture allows for a wide range of chemically modulated interfaces.

Some of the phenomenon occurring at perovskite interfaces are reported
Figure 5. Rumpling, polar discontinuity, interfacial B-site cation environment
asymmetry, BOg octahedral rotations are all potential levers to modulate interface
properties. Their complex interplay is strongly affected by cationic substitutions
and a complete and fine exploration of the possible interface compositions is
required in order to identify new physics phenomena or enhanced properties.
Interface CPLD (i.e. ICPLD) is a powerful tool in that respect.

One application where oxide interfaces plays a crucial role is the ferroelectric
(FE) voltage tunable capacitor envisaged for future RF communication technologies
(5G and Near Field Communication NFC) [27]. The relative dielectric permittivity
&:(E) of a FE has a large electric field dependence [27]. The perovskite solid solution
Bay SrTiO; (BST) is the most widely used FE in current 4G thin film parallel plates
varactors because of its excellent tunability/losses compromise. New specifications
for 5G and NFC (higher frequency and reduced driving voltage) call for improved
varactor properties. Reducing the FE film thickness from 240 nm (4G) down to
50-100 nm range is one option toward meeting these new specifications. However,
in such thin FE films the metal / FE (M/FE) interface influence is reinforced in a
damaging way, due to two interfacial phenomena. The first one is the existence of FE
“dead-layers” with degraded €, and spontaneous polarization close to the electrodes,
producing an effective non-tunable interfacial capacitance [28, 29]. The second one
is the increased leakage current due to insufficient Schottky Barrier Height (SBH).
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Figures.
Schematic of competing intevactions and phenomenon at perovskite ABO; interfaces. From [26] with
permission.
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Interface engineering can be used to tailor band alignment and interface polariz-
ability. The insertion of a thin layer with different atomic element(s) at the interface
allows to manipulate the chemical bonding and promotes atomic rearrangement.
Let us consider for instance the anti-displacement of anions and cations predicted at
Ba’*0*/M and Sr**O”"/M interfaces and quantified by a rumpling parameter R [30].
R depends on the chemical bonding and is responsible for an interface dipole, which
in turn modulate the SBH. Interestingly, the insertion of e.g. a single Al atomic plane
at the BaO/M interface strongly affects R and SBH. Indeed, for M = Pd the SBH goes
from 1.4 eV to 2.6 eV [30]. Significant rumpling has been experimentally shown
for SrTiO; (STO) in contact with La,/3Sr;,sMnO; (LSMO), a metallic perovskite
electrode, inducing a polarization in the non-ferroelectric STO [31]. The continuity
of the perovskite structure through the LSMO/STO interface and its ionic character
offer new ways to control electronic properties. In La; 4Sr,MnO; (LSMOy), the
B-site cation ratio Mn’*/Mn** is determined by the A-site ratio La>*/Sr**. Along
[100], successive AO and BO, planes are polar for LSMOx and charge neutral for
BST. Interfacing LSMOx with BST leads to tunable interfacial polar discontinuity
which can induce lattice polar distortion and result in SBH modulation [32-34].

LSMO is a ferromagnetic (FM) half-metal, i.e. having a 100% spin-polarization at
the Fermi level. For the latter reason it has been intensively studied as a spin-polarized
electrode in LSMO/STO/LSMO magnetic tunnel junction (MTJ]). MTJs are used e.g. as
memory bits in magnetic MRAMs. The tunnel resistance depends on electrode spin-
polarization and on the relative orientation of the electrode magnetic moments, with
high resistance Rap (resp. low resistance Rp) for antiparallel (resp. parallel) states.

A 100% spin polarized electrode leads to a theoretical infinite R sp which is ideal for
the cited application. In LSMO/STO/LSMO, a record tunnel magneto-resistance
(TMR = (Rap-Rp)/Rp) of about 2000% was reported, but unfortunately for tem-
perature far below the Curie temperature T¢ [35]. The vast majority of the electrons
tunnel from the interfaces, their spin-polarization being affected by the nature of the
chemical bonding. FM correlations at manganite interfaces are known to be weaker
than in bulk, causing a magnetic “dead layer” which probably explains the diminu-
tion of TMR close to T [36-38]. Attempts have been reported at creating a doping
profile at the interfaces by inserting a 2 uc thick LaMnO; layer [39, 40] or a single uc
thick Lag 33510 6;MnO; [41] layer to overcome this problem with some improvement
of interface magnetism but still not a full recovery of bulk properties. As for SBH and
interface polarizability, multiple factors might participate to interface magnetism
weakening, like charge discontinuity driven intermixing, octahedral tilt induced in
the first LSMO layers by octahedral connectivity at the interface, substrate strain and
so on. A combinatorial heuristic approach to the definition of interface composition
is a powerful tool to help understanding all these factors interplay and to enhance the
interface magnetism, SBH or interface polarization.

4.2 The LSMO/STO interfaces

Incorporating a few uc of combinatorial LSMO, (0 < x < 1) at the LSMO/STO
interface to modulate the chemical bonding, the carrier density and the polar dis-
continuity could potentially induce STO lattice polar distortion, SBH modulation,
as well as restoring interface ferromagnetism.

4.2.1 Ferromagnetism at STO/LSMO interface
Before producing the described ICPLD heterostructures, we first optimized

the LSMO physical properties, composition and thickness uniformity. The mag-
netic properties of the film were then characterized versus temperature using a
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commercial Kerr magnetometer equipped with a cryostat (NanoMoke II, Durham
Magneto Optics). As the magnetism at the LSMO/STO interface is weakened, the
Curie temperature will depend on LSMO thickness for very thin films. To avoid
this regime, we worked with 30 nm thick LSMO films (~80uc). Several films were
deposited on TiO, terminated (100) STO substrates with high-pressure RHEED
monitoring (Staib/TSST) at various fluence, temperature and oxygen pressure.
The optimized deposition conditions leading to a T = 341 K were Pg, = 0.2 mbar,
Teub = 850°C, f = 5 Hz and a fluence of 0.83 J/cm?. RHEED oscillations were clearly
visible during all the deposition process implying a layer by layer growth. X-ray
diffraction patterns (©-20) showed only (00 1), reflections with thickness fringes
attesting for the crystalline quality and the surface and interface smoothness. RSM
confirmed epitaxial “cube on cube” growth of LSMO on STO. The homogeneity of
the films in term of composition and magnetic properties over a 1 cm” STO sub-
strate was verified for thinner films, in the range where T¢ is thickness dependent.
A 20uc thick sample was deposited with vertical and horizontal scanning of the
laser, staying in focus at the target position, and of the substrate respectively.

The Kerr magnetometer laser spot (diameter < 5 pm) was scanned on the sample
surface at fixed temperatures to measure magnetic hysteresis curves in 311 points
spread across the sample surface. This (x,y) scan was repeated every 2.5 K from
room temperature to 350 K after thermal stabilization. Each hysteresis curve was
processed in order to extract saturation and remnant magnetization (Mg, and M,
respectively). M(T) curves can then be reconstructed for each point on the sample
surface, allowing to assess for Tc in each location. Maps reporting FM and para-
magnetic (PM) areas of the sample are reproduced in Figure 6a (top) for various
temperatures, the measurement points being indicated with black dots. The distri-
bution of Tc is reported as a FM area percentage in Figure 6a bottom. Over 91% of
the surface transit from FM to PM states on a temperature range less than 5 K wide
(325K < T < 330 K) and 100% inside a 10 K range. As LSMO’s T¢ is very thickness
and composition sensitive, the tight T¢ distribution indicates a good composition
and thickness uniformity. We confirmed this uniformity with a WDS characteriza-
tion over a 9x9 mm? area (25 x 25 = 625 points) of the same sample for La, Srand
Mn (JEOL 8530F). The small film thickness conjugated to the presence of Srin the
substrate did not allow to compute the composition with cationic ratios of the film.
However, the WDS sensitivity is high enough to provide maps of relative variations
for each element (see Figure 6b). The Sr map, with signal originating mostly from
STO substrate, illustrates the electron beam stability (s, ~ 1%) which is crucial for
point to point comparison. Note that the drop in the corner, corresponding to silver
paste contact to evacuate the charges, was excluded from the statistical analysis.
On La and Mn maps a similar slight slope is visible with a corresponding standard
deviation of 4.6% and 4.9% respectively. WDS signal is strongly correlated to
the thickness, therefore we can conclude that the thickness distribution is rela-
tively tight.

The relative interface contribution to the overall magnetic signal increases as
the LSMO thickness decreases. It is however difficult to predict the optimal LSMO
thickness leading to an improved interface contribution detection as the overall
magnetic signal also decreases with thickness. A powerful aspect of CPLD is the
possibility to deposit wedge-shaped layers with continuous thickness variation
using shadow-masking (see Figure 7a). Before inserting the ICPLD layer, we
checked the thickness control on two LSMO wedges, spanning from 8 uc to 76
uc, by measuring T versus (x,y) and temperature. The obtained T are repre-
sented Figure 7b with standard deviation represented as error bars. Tc noticeably
decreases below 30 uc with an acceleration below 20 uc. In the inset of Figure 7b
is represented a Tc map of wedge#2, with the measured points represented as
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(a) Magnetic state maps of LSMO 20 uc film at various temperature (top) and T¢ distribution at the sample
surface (bottom). (b) WDS signal for La, Sr and Mn over 9x9 mm’ of the same sample.
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(a) Schematic of LSMO wedge#2. (b) Tc versus thickness and (inset) Tc map for wedge #2.

black dots. Constant nominal thickness levels are vertical, with thickness variation
along x. A 10 K color increment is used and one can see that the lines separating the
adjacent areas are almost vertical, attesting the good control of thickness variation
in the wedge.

To synthesize the ICPLD LSMOx layer we used LaMnO; (LMO) and StMnO;
(SMO) targets with the deposition parameters identified for LSMO, including laser
and substrate stage scans. Deposition rate was evaluated using RHEED oscillations.
A 3 uc thick LSMOy layer (0 < x < 1) was deposited onto TiO,-terminated STO
substrate, followed by a LSMO wedge with thickness variation direction perpen-
dicular to LSMO;, composition gradient. A schematic representation of this sample
is represented Figure 8a.

M(H) cycles were acquired versus position (512 sites) and temperature (120
temperatures with 90 K < T < 340 K) automatically during a few days. Then Mg,
and M, were extracted for each loop, M(T) curves reconstructed and T estimated
for each (composition x, thickness t) doublet. Figure 8b presents the T¢ curves
plotted versus tysmo for various Sr content x. One can see that the variation of Tc
versus tysmo depends on x, and in particular for t;smo > 7 uc, the less Sr the more
rapid is the T¢ decrease. Going from LMO to SMO at t;smo = 10 uc, Tc is increased
by 60 K (blue arrows Figure 8b). Furthermore, to reach a given Curie temperature
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(a) Schematic representation of the ICPLD LSMO, / wedge LSMO sample. (b) Curie temperature curves
versus tsmo for various Sr content x in LSMO, layer.

of 240 K, one needs 8 uc of LSMO on top of SMO and more than 11 uc of LSMO on
top of LMO (red arrows in Figure 8b). One can compare these results to the one
obtained for x = 0.29 (pink curve in Figure 8) where the heterostructure is similar
to a simple LSMO/STO interface. Inserting a 3 uc SMO layer at the LSMO/STO
interface proves to be beneficial in terms of Tc for tsmo > 7 uc. However we observe
a cross-over for t smo < 7 uc. The Tc decrease with t;smo accelerates for Sr rich com-
positions, and no magnetism could be detected at t;spo = 5 uc for 0.29 <x <1. On
the contrary, the lower the Sr content the higher the T¢ for 0 <x < 0.21attigmo = 5
uc. This reinforcement of FM for LMO coincides with an important increase of the
coercive field to values higher than usually observed for LSMO (Hc > 300 Oe at

T =100 K). This is compatible with a second FM phase, harder than LSMO and in
contact with it. LMO is antiferromagnetic (AFM) in bulk form. However, several
studies reported FM LMO films on STO substrate down to 6 uc (e.g. [42]). In this
article, the transition from AFM to FM has been attributed to an electronic recon-
struction at the interface originating from the polar nature of the LMO. In our case
the LMO layer is topped by LSMO, and it is quite possible that by proximity effect
and/or stress LMO becomes FM at 3 uc thick.

4.2.2 Band alignment at LSMO/STO interface

We now turn to interface issues arising in tunable capacitors with thinned FE
film i.e. the increased influence of dead ferroelectric layer on tunability and the
increased leakage current. As discussed previously the insertion of a LSMOx ICPLD
layer at LSMO/BST interface may increase interface polarizability and modulate
SBH. In order to easily disentangle spontaneous and chemically induced polariza-
tions we choose to work with a non-polar composition of BST i.e. STO. We depos-
ited onto TiO,-terminated STO substrate 38 uc of LSMO followed by 3 uc of LSMOj
(0 <x <1) and in the direction perpendicular to the gradient a STO wedge (3-15
uc) keeping an access to both LSMO and LSMOj with the deposition parameters
described above.

A schematic of the sample structure is represented Figure 9a. The sample
was transferred into an ultra-high vacuum atomic force microscope chamber
(UHV-AFM Omicron) without breaking the vacuum. The AFM image presented
in Figure 9b was taken about the red dot in Figure 9a with a total thickness of 56
uc. Terraces separated by steps of about 4 A, i.e. one perovskite cell parameter, are
clearly visible (see profile in Figure 9c) attesting of the layer by layer growth up to
56 uc. There exists however some 2 A height features on the terraces indicating the
probable existence of two terminations at the surface (SrO and TiO,).
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The sample was then air-exposed and inserted into a UV photoelectron spectros-
copy chamber (UPS ESCALAB 250Xi Thermo Fisher) to evaluate the work function
Wk as a function of position. Although the surface contamination due to air expo-
sure prevented to extract absolute Wr values, the relative variations of Wy with Sr
content and STO thickness could be determined assuming a “uniform” surface con-
tamination. UPS spectra were taken at various x content for STO thickness ranging
from 0 to 9 uc. A zoom around the emission threshold of the He IT UPS spectra (He
Il energy 40.8 V, bias 4 V) is shown in Figure 10a for LSMOx (tsto = 0 uc). From
the thresholds one can estimated the Wy reported in Figure 10b. A clear continuous
decrease of the work function is observed as the Sr content increases. This trend is
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Figure 9.
(a) Schematic of the STO (sub.)/ LSMO / LSMOx / STO heterostructure. (b) UHV-AFM image. (c) Profile
from the white arrow in b).
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(a) Hell UPS threshold for various x of air-exposed LSMOx Uyiss = 4 V. (b) Corresponding extracted Wg
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(a) Hell UPS threshold for various tsto at x = 0.2 Upiss = 4 V. (b) Corresponding extracted Wy versus tsro for
various Sr content x.
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opposite to the downward Fermi level shift inferred from core-level XPS shift asa
function of x reported in the literature [43] and seen by us (not shown).

The counter-intuitive decrease of Wy while Er decreases too is due to the LSMOx
induced charge discontinuity variation at the surface. Going from LMO to SMO, the
LSMOx terminal plane changes from M»n’*0;” to Mn*'O.", i.e. with a surface
charge per unit cell going from —1 to 0. The more negatively charged a surface is,
the harder for an electron to escape from the surface, the higher the W [44].

The electrical nature of the contact between a metal and a semiconductor
directly depends on the relative values of the metal W and semiconductor elec-
tronic affinity E, for ionic semiconductor [45]. For E, > W an ohmic contact forms,
while for E, < W a Schottky barrier is created. STO is generally considered an
n-type ionic semiconductor with a Fermi level very close to the conduction band
(i.e. E, ~ WE). As the LSMO, Wg varies the LSMO,/STO contact nature might be
affected. UPS spectra were acquired for various LSMO, Sr content every 200 pm
along the STO wedge. A zoom of the corresponding UPS emission thresholds
obtained for x = 0.2 and 0 < tgro <9 uc is shown in Figure 11a. The threshold posi-
tion varies rapidly with tgro for thin STO layers then stabilizes. The W estimated
from the UPS thresholds for various (x, tsto) doublet are reported in Figure 11b.
One can see the curves folding together toward a W value of about 3.58 eV (rela-
tive) corresponding to the intrinsic STO work function.

Interestingly this value is inside the range of W spanned within LSMOx.(see
pink part of Figure 11b). Looking at the evolution of Wk vs. tgo for thicknesses
up to 3 uc, there is a clear transition from a downward to an upward bending as x
increases. This reflects the band bending that occurs at the LSMOy / STO interface
and implies that the contact is modified from Ohmic type to Schottky type.

This result is of importance regarding the optimization of the SBH in BST FE tun-
able capacitor in particular, but more generally for any metal/semiconductor contacts.

5. Conclusion

In this chapter we reviewed the qualities and limitations of PLD for the
synthesis of oxides in general and for its use in combinatorial PLD synthesis
(CPLD) in particular. We listed some counter-actions to mitigate the PLD limita-
tions together with the mandatory steps to take before attempting reliable CPLD
synthesis, i.e. demonstrating the control of both thickness and composition over
the whole sample surface. We then detailed a statistical characterization approach
to reliably interpret results from CPLD libraries of compounds. An example of this
approach is presented, regarding the exploration of lead-free Ga-doped BiFeO;
solid solution for MPB-related piezoelectric properties enhancement. Finally we
described a new interface CPLD development (ICPLD) for the exploration of
functional interface libraries. This combinatorial interface synthesis approach,
with continuous lateral chemical modulation of a few atomic layers, is unique to
the best of our knowledge. The effectiveness of ICPLD regarding the control of
interface magnetism for magnetic tunnel junctions and energy band and Schottky
barrier height tuning in ferroelectric tunable capacitors was demonstrated. This
shows that ICPLD is a powerful tool to accelerate heterostructures functional
properties enhancement.
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Abstract

From the past few decades, photodetectors (PDs) are being regarded as crucial
components of many photonic devices which are being used in various important
applications. However, the PDs based on the traditional bulk semiconductors still
face alot of challenges as far as the device performance is concerned. To overcome
these limitations, a novel class of two-dimensional materials known as transition
metal dichalcogenides (TMDCs) has shown great promise. The TMDCs-based PDs
have been reported to exhibit competitive figures of merit to the state-of-the-art
PDs, however, their production is still limited to laboratory scale due to limitations
in the conventional fabrication methods. Compared to these traditional synthesis
approaches, the technique of pulsed laser deposition (PLD) offers several merits.
PLD is a physical vapor deposition approach, which is performed in an ultrahigh-
vacuum environment. Therefore, the products are expected to be clean and free
from contaminants. Most importantly, PLD enables actualization of large-area thin
films, which can have a significant potential in the modern semiconductor industry.
In the current chapter, the growth of TMDCs by PLD for applications in photode-
tection has been discussed, with a detailed analysis on the recent advancements in
this area. The chapter will be concluded by providing an outlook and perspective on
the strategies to overcome the shortcomings associated with the current devices.

Keywords: two-dimensional semiconductors, transition metal dichalcogenides,
pulsed laser deposition, photodetectors

1. Introduction

Photodetectors (PDs) are the optoelectronic devices which convert incident
optical signals into electrical outputs through the phenomenon of light-matter
interaction, which can be processed by the conventional read-out electronics.
PDs form the basis of many vital components present in numerous electronic and
optoelectronic devices as they find applications in a broad range of fields such as
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in photovoltaics [1, 2], military and defense technology [3], optical communica-
tion [4], remote sensing [3], biomedical imaging [5], environmental and ozone
layer monitoring [4], and so on. Therefore, highly efficient photodetection has
become very crucial for the industrial and scientific communities. With advance-
ments in the matured technology of three-dimensional (3D) semiconductors
[6-17] such as gallium nitride (GaN), zinc oxide (ZnO), indium gallium nitride
(InGaN), indium nitride (InN), gallium oxide (Ga;0;), gallium arsenide (GaAs),
silicon (Si), aluminum gallium nitride (AlGaN), germanium (Ge), mercury
cadmium telluride (HgCdTe), gallium antimonide (GaSb), and so forth, high-
performance PDs sensitive to wavelengths in the entire ultraviolet (UV)-far
infrared (FIR) have been successfully fabricated. However, further advances in
these PDs are hindered by the certain drawbacks encountered due to the intrinsic
limitations in 3D semiconductors such as lower charge carrier mobilities, low
light absorption properties, presence of dangling bonds at the interface, high
fabrication costs involved, and so forth [18]. Thus, it is crucial to explore alternate
materials, which can overcome the above-mentioned drawbacks for the develop-
ment of multifunctional PDs.

The successful delamination of graphene in the revolutionary work by Geim and
Novoselov in 2004 [19] ignited a plethora of research, in the field of two-dimen-
sional (2D) layered materials and their heterostructures [20-22]. In the recent
years, the amount of research focused on these layered materials has increased
multifold. A layered material is nothing but an ultrathin phase of a material, scaled
down to the level of atomic thickness, and is characterized by weak inter-layer van
der Waals (vdW) forces and a strong intra-layer covalent interaction [23]. This
makes these ultrathin materials possess electronic and optoelectronic properties
such as band gap, mobility, etc., that are thickness-dependent [24], and thus, their
novel chemical and physical characteristics pave a way towards the unexplored
areas, both in the fields of fundamental research as well as engineering applica-
tions. In spite of possessing unparalleled electronic and optoelectronic properties
such as high carrier mobility, dangling bonds-free surface, large current carrying
capacities, excellent mechanical properties, the zero band gap or the gapless elec-
tronic structure of graphene [25] limits its use in realization of practical applica-
tions-based PDs, which demand switching behavior or in other words, a definite
on/off state. This has led to the exploration of graphene alternatives with a sub-
stantial band gap, and researchers and scientists across the world have resurrected
a class of conventional 2D materials known as the transition metal dichalcogenides
(TMDCs), characterized by low-fabrication cost, chemical stability, earth-abun-
dance and environment-friendly properties. Some of the well-studied TMDCs are
molybdenum disulfide (MoS,), tungsten disulfide (WS,), molybdenum diselenide
(MoSe;), molybdenum ditelluride (MoTe,), tungsten diselenide (WSe;), and so on
[26-28]. As of now, semiconductors of the TMDC family have enabled tremendous
accomplishments in the field of photodetection, such as from monofunctional to
multifunctional PDs, from homogeneous to hybrid 2D semiconductors-based PDs,
and from rigid to flexible electronic devices [29-31].

Regardless of the efforts of the researchers and scientists, some common chal-
lenges are still being faced related to fabrication and the performance of these
TMDCs-based devices [18]. The challenges include growth of high-quality crystals,
controlling the morphology and the thickness, scaling up the growth for industrial
scale production, optimizing the device architectures, and so forth. To address
these challenges, pulsed laser deposition (PLD) has emerged as a perfect tool for
the synthesis of TMDCs. With the use of PLD, the actualization of high quality and
wafer scale synthesis of TMDCs has become possible [32]. Eminently, PDs based
on the PLD-synthesized TMDCs have exhibited competitive device performance
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parameters when compared with the commercial PDs, and thus, offer great oppor-
tunities towards the next generation photonics. In the subsequent section, we will
give an introduction about TMDCs and their properties. Afterwards, the funda-
mentals of PLD will be discussed in detail, followed by the recent advancements in
the PLD-grown TMDCs for photodetection application. Finally, we will conclude by
highlighting the unresolved problems and suggest future perspectives in this evolv-
ing field of optoelectronics.

2. Transition metal dichalcogenides (TMDCs)

TMDCs are denoted by the general formula of MX, where M and X represent a
transition metal (Mo, Nb, W, Hf, Ti, and so on), and a chalcogen (S, Te, and Se),
respectively. In the periodic table, groups IV-X belong to the transition metals and
they contain different number of d-electrons. Thus, the difference in the valance
d-electrons of different transition metals gives rise to the different electronic prop-
erties such as metallic, semiconducting, and superconducting [33]. TMDCs exist in
alayered form at the atomic level, containing one or few monolayers. Figure 1(a)
shows a schematic depicting the layered structure of MoS,.

A TMDC can exist in various structural phases which are a result of the different
co-ordinations of the transition metal atom. The most common structural phases
in which the TMDC:s crystallize are the trigonal prismatic (2H) and the octahedral
(1T) phase. These crystal phases can also be seen in the terms of different stacking
sequences of the atoms (as a representative result, Figure 1(b) shows crystal
structure of MoS,). The three atomic planes i.e. chalcogen- metal-chalcogen form
the individual layers of TMDCs. The 2H phase corresponds to an ABA stacking,
whereas, the 1T phase is characterized by an ABC stacking order. For most of the
bulk TMDCs (MoS,, MoSe,, MoTe,;, WS,, WSe;, etc.), the 2H phase is thermody-
namically more stable than the metastable 1T phase. Tungsten ditelluride (WTe,)
shows an exception where the most stable phase is the orthorhombic (1T, phase) at
room temperature [33].
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Figure 1.

(a) Schematic showing a monolayer of a TMDC, where the atoms of transition metal are bonded through
covalent bonds with the chalcogen atoms. These individual monolayers ave stacked and held together by vdW
forces to form the bulk structures. (b) Crystal structures of layered MoS, with different stacking sequences as
shown to form the two most common phases: trigonal prismatic (2H) and octahedral (1T). Figure is adapted
from Ref. [23]. (c) Transformation of the band structure of 2H phase of MoS, calculated by first principles
from bulk to a single layer. Figure is adapted and reproduced with permission from Ref. [34].

25



Practical Applications of Laser Ablation

The assortment of chemical compositions as well as the different crystal struc-
tures of TMDCs results in varying band structure characters, which in turn lead
to a wide range of electronic properties. In the thermodynamically most stable 2H
phase, MoS,, WS,, MoSe,, and WSe, show semiconducting behavior [33]. These
semiconducting properties accentuated these TMDCs as potential 2D materi-
als for next generation electronic devices. As a representative result, the basic
characteristics of the band structure of MoS, has been shown in Figure 1(c). The
transformation of the band structure as calculated from density functional theory
(DFT) for 2H-MoS, upon increasing its thickness from monolayer form to the bulk
has been shown in Figure 1(c). The positions of the conduction and valence band
edges change with increasing the number of layers of MoS,, and the direct band gap
in the monolayer form changes into an indirect band gap in the bulk material [33].
The calculated value of the band gap of the monolayer 2H-MoS; is ~1.89 eV [35].
The experimentally observed value for the electronic band gap of 2H-MoS, in its
monolayer form is 2.15 eV [36]. Notably, the conduction band minimum and the
valence band maximum are situated at the two inequivalent high-symmetry points,
which represent the corners of the hexagonal Brillouin zone [33]. This attribute is
common between monolayer 2H phase MoS, (and the other group VI single-layer
2H phase TMDCs) and graphene and allows the observation of potential valleytron-
ics applications.

Through the persistent efforts over the last decade, researchers have developed
several techniques to produce ultrathin TMDCs. In principle, these techniques
can be broadly classified into two categories. The first one is to produce TMDCs
by thinning bulk crystals, which is called as a top-down technique. Different
types of exfoliations (mechanical, chemical, etc.) fall under this category. Since
different layers of 2D materials are held together by vdW interactions, therefore,
the interlayer bonding is weak. Thus, under any external perturbations, bulk 2D
materials are readily processed into their few-layered forms. The second category
is to produce TMDCs through a bottom-up approach, where constituent atoms and
molecules are assembled together to form continuous layers. These mainly include
chemical vapor deposition (CVD), atomic layer deposition (ALD), magnetron
sputtering, molecular beam epitaxy (MBE) and PLD.

As mentioned above, researchers have developed several methods to fabricate
TMDC:s. In spite of the substantial progress, none of the above techniques can meet
the comprehensive demands for industrial-scale production, as in the terms of process
simplicity, good scalability, excellent homogeneity and continuity, high quality of the
products, high compositional and thickness control, low cost for mass production and
higher safety. The techniques such as exfoliation, CVD and ALD suffer from a huge
drawback that the growth process occurs in absence of high vacuum, which generally
leads to unclean interfaces, and therefore, one has to compromise with the device
performance. Moreover, exfoliation and CVD are further associated with low product
yield as the films formed are non-continuous and in the range of several microns.
Sputtering and MBE are much more sophisticated in terms of the interface quality
due to the involvement of ultrahigh vacuum, however, sputtering is characterized by
poor surface quality of the films whereas MBE poses drawbacks such as bulky and
expensive setups, time-consuming growths, and limitations in terms of substrates.
Such limitations further hinder the utilization of these growth methods for industrial
scale fabrication of devices. Thus, research and development towards a potentially
competent approach which can address the above issues is greatly required.

PLD is a synthesis technique where a high-power pulsed laser beam is focused
on a target, which results in the vaporization of the material in the form of a plasma
plume and this material gets deposited on a substrate in the form of a thin film.
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Figure 2.
Schematic view of a typical PLD process. Adapted from Ref. [37].

A typical illustration of a PLD process is shown in Figure 2. Compared with the
conventional methods discussed above, PLD exhibits the following advantages:
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* PLD is the most versatile growth method where a focused and high-energy

pulsed laser ionizes almost all types of materials, because of the generation
of instantaneous and localized high temperatures up to tens of thousands of
9C on the target’s surface. Therefore, majority of the materials can be ablated
to form a plasma, which carries out the deposition. In addition, PLD exhibits
an excellent compatibility with different substrates which provides numerous
routes for the construction of heterojunctions-based devices.

PLD is highly scalable, because the plasma plume can be readily positioned
and directed just by adjusting the external optical path of the laser beam.
Consequently, PLD is very much suitable for the growth of wafer-scale

and uniform TMDCs for practical industrial production. Serna et al. [38]
have successfully fabricated continuous bilayers of MoS, on sapphire with a
diameter up to ~50.8 mm using PLD. Singh et al. [39] have also synthesized
centimeter-scale MoS, thin films on various substrates.

The substrate temperature required for the PLD growth of TMDCs is relatively
low when compared with techniques like CVD and sputtering because the
species (atoms, molecules, ions, etc.) ablated by the focused pulsed laser
possess a very high energy, and therefore, can freely migrate on the substrate’s
surface. Therefore, direct growth of TMDCs on substrates that are intolerable
towards high temperature can be achieved with PLD. For instance, Singh et al.
[39] have successfully fabricated MoS, on InN at a low substrate temperature
of 450°C. It may be noted that low temperature deposition is required for InN
as it dissociates above 500°C.

PLD is a clean, highly efficient, safe, and highly controlled deposition technique
where the product is highly continuous and uniform. Due to the ultrahigh
vacuum growth conditions, the products of PLD are clean and contamination-
free. Furthermore, Siegel et al. [32] fabricated MoS, on centimeter-scale
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sapphire substrates using PLD, varying the thickness from 60 monolayers down
to a single monolayer, just by tuning the number of laser pulses.

In the past few years, TMDCs have elicited tremendous research interest, owing
to their novel properties in the 2D form, which has triggered a spark in the growth
of TMDCs using PLD [18]. In this part of the chapter, a few reports describing the
chronological developments in the area of PLD grown TMDCs have been briefly dis-
cussed. One of the earliest works on PLD deposited MoS, was reported by Zabinski
et al. [40], where they have prepared PbO-MoS, thin films for tribological applica-
tions. Other early reports on MoS, thin films by PLD include growth of amorphous
MoS, by McDevitt et al. [41] and MoS, coatings for friction-related studies by
Mosleh et al. [42]. The major advancements in this area have been achieved in the
past few years. In 2010, Fominski et al. [43] have experimentally studied the fabri-
cation of MoSe thin films with varying compositions obtained by PLD in vacuum
condition and in presence of different rarefied gases. They also developed a process-
based mathematical model which played a dominant role on the chemical composi-
tion of these thin films. Loh et al. [44] in 2014 fabricated MoS, on different metals
such as Ag, Ni, Al, and Cu by PLD. In 2015, a significant step towards the fabrication
of transfer-free TMDC-based PDs was demonstrated by Serrao et al. [45] in which
MoS, was directly deposited on substrates like sapphire, SiC-6H and GaN. The
first significant work towards the wafer-scale growth of TMDCs by PLD was done
by Siegel et al. [32] who reported growth of centimeter-scale MoS, thin films of
varying thickness (from monolayer to 60 monolayers). Growth of other members
of the TMDC family such as WS, was also investigated simultaneously. In 2015,
Lohet al. [46] synthesized WS, thin films on Ag substrates by PLD and reported
the thickness dependent Raman and PL spectra. However, the obtained WS, was
having a mixed phase (1T and 2H). In subsequent works, Yao et al. [47] obtained the
pure 2H phase WS, directly by PLD on insulating SiO,/Si substrates. The growth of
selenides via PLD usually suffers from a large number of Se vacancies. Therefore, a
two-step growth method was adopted for production of MoSe, [48]. This included
deposition of MoO; film via PLD, followed by its selenization. Later on, Mohammed
et al. [49] achieved 1-8 monolayers of WSe, via single-step deposition. This was
achieved through a hybrid PLD cluster, where a tungsten target was ablated by the
laser beam and selenium vapors were synchronously provided from an effusion
cell by thermal evaporation. In 2018, a single-step PLD approach was used by Seo
et al. [50] to deposit WSe; on ALLO; and SiO,/Si substrates by using a Se-rich target.
Lately, Gao et al. [51] demonstrated a two-step synthesis route to fabricate 2D WTe,,
which included PLD of amorphous WTe, target followed by annealing treatment of
the thin films in a Te atmosphere. These reports suggest that the technique of PLD
can be suitably applied for the successful production of various TMDCs. In the next
section, we will discuss in detail about the fundamentals associated with PLD.

3. Basics of pulsed laser deposition

PLD falls under the category of physical vapor deposition and is a method used
to synthesize materials (generally thin films) in an ultrahigh vacuum environment.
The development in the field of laser-assisted film growth can be traced back to
1960, after the successful technical realization of the first laser by Maiman [52].
Following on from there, from just being a growth method for fundamental labora-
tory research, PLD has moved on to become a technique employed in industries. A
typical PLD system mainly consists of a laser (usually an excimer laser), an opti-
cal path system consisting of apertures, lenses and reflectors, and a stainless-steel
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growth chamber equipped with gas paths, vacuum pumps, vacuum gauges, and a
heating source [37]. The basic principle behind a PLD process is that a high-inten-
sity pulsed laser interacts with the target or the source material (called ablation)
and produces a plasma plume of the target material [37]. The formation of plasma
involves a sequence of complex phenomena such as collision, localized heating
and subsequent ionization of atoms and molecules. Afterwards, the plasma plume
expands, travels downstream, condenses on the substrates and finally crystallizes
into the desired materials [37]. Figure 3 shows the PLD setup located in Materials
Research Centre, Indian Institute of Science, Bangalore, India.

The major advantage of a PLD system is that the laser can be operated from
outside the vacuum chamber. Thus, just by changing the optical paths of the laser
beam, a single laser source can be used for multiple deposition systems. All the
other components such as the target carousel, substrate holder, heater, vacuum
gauges, and so on are mounted in the vacuum chamber. A set of optical components
such as apertures and mirrors are used to focus the pulsed laser beam over the target
surface. Therefore, a variety of materials (semiconductors, metals and insulators)
can be grown by PLD just by optimizing the growth parameters and by incorpora-
tion of different gases during the process in a controlled manner. With this, the
exact stoichiometry of the target material can be copied down onto the substrates,
which is one of the major benefits of PLD over other deposition techniques. Some of
the important parameters associated with PLD have been described below.

Laser source: A krypton fluoride (KrF) laser is a type of excimer laser, and with a
wavelength of 248 nm, it is a deep UV laser which is commonly used for the growth
of various thin films as the absorption spectrum of most of the inorganic materials
lies in the range of 200-400 nm. Typically, excimer lasers contain a mixture of two
gases: a noble gas such as argon, xenon or krypton; and a halogen such as chlorine
or fluorine. Under suitable conditions of stimulation and pressure, an excimer
molecule is created, which decays via a stimulated emission and a coherent beam
of stimulated radiation is emitted in the UV range. The continuous emission is
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Figure 3.
PLD setup in Materials Research Centre, Indian Institute of Science, Bangalore, India.
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then converted into a pulse by various discharge mechanisms and a pulse width of
~10-20 nanoseconds (ns) can be achieved.

Laser fluence: The laser fluence or laser energy density is defined as the laser
output energy per unit area and is a very important parameter which decides the
proper ablation of the target where the laser beam interacts with the target. A
minimum threshold laser fluence is required to carry out the proper ablation pro-
cess, otherwise, only evaporation takes place. The plume formation depends upon
the target conditions such as its density, porosity, morphology, and compositional
impurities as well as the laser conditions such as laser pulse duration and laser
pulse width. If the laser fluence is much above the threshold value, crystallographic
defects and damage can occur in the deposited thin film because of the bombard-
ment by the ablation particles possessing high kinetic energy. Also, it can lead to
macroscopic particles ejection during the process of ablation, particulate formation
on thin films as well as back-sputtering of species from the deposited thin film.
Various mechanisms have been proposed for the formation of particulates and
several methods have been devised to minimize these effects [53, 54].

Laser-target interactions: The three main processes taking place during the
laser-target interaction are: (i) the laser beam interacts with the surface of the
target and gets absorbed into surface layer; (ii) the removal of atomic species from
the material is done by vaporization of the surface region in a non-equilibrium
state; (iii) afterwards, rapid vaporization further produces a recoil pressure, which
leads to the expulsion of the molten pool and produces the plasma plume, and the
formed plasma is a collection of electrons, neutral atoms, ions, etc. Therefore, the
absorption process is highly dependent on the target properties as well as the laser
characteristics. Also, this absorption process is different for metals, insulators
and semiconductors [55, 56]. When the laser beam interacts with the target, the
photoenergy gets converted into electronic excitations immediately, and the energy
relaxation through lattice takes place in ~1 picosecond (ps). Next, the photoenergy
is transformed into heat diffusion (over a few microseconds (ps)), which results in
the melting of the solid surface (in tens of ns). During the laser-target interactions,
the localized temperature of the target reaches up to 10,000 °C or even higher,
leading to the evaporation of the target material. At this point of time, the plume
formation takes place (in the range of few ps). The plasma plume consists of atoms,
electrons, ions and particulates of varying sizes, ranging from nanometer (nm) to
micrometer (pm). This plasma reaches the substrate and undergoes re-solidification
and condenses in the form of a thin film [53, 57].

In most of the cases, melting of a material depends on the rate of thermal con-
duction via lattice, which can be well described by the Fick’s laws of diffusion. If
the heated volume of the material is smaller than or equivalent to the thickness of
ablated layer per laser pulse, then congruent melting will take place. Hence, PLD
offers the advantage of congruent melting and vaporization. The amount of heated
volume depends on the time of the laser-target interaction, i.e. the pulse duration.
For a pulse duration of ~10 ps, heat diffusion will not play a role in the melting and
vaporization of the material, whereas, above ~20 ps, conventional heat diffusion
dependent ablation occurs [57]. Therefore, the use of a pulsed laser with a pulse
duration of a few ns is more likely to provide congruent ablation. This allows the PLD
process to preserve the anion-cation stoichiometry of the target material during the
mass transfer of the material from the target onto the substrate.

Ambient growth pressure: The background pressure during deposition is a very
important and critical parameter that plays a significant role in the plume collisions
and plasma dynamics. Keeping the right background pressure is of utmost impor-
tance in order to obtain controlled stoichiometric products during the PLD growth.
A specific phase and composition of a material can be achieved under controlled
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and optimized conditions of background pressure at specific temperature. Plasma
species with kinetic energies greater than 50 eV can re-sputter the material already
deposited on the substrate and this usually leads to a lower deposition rate, modi-
fications in the stoichiometry of the film, and increase the surface roughness.
Controlling the background pressure can reduce re-sputtering of the deposited thin
films. Increasing the background gas pressure to an optimum value slows down the
highly energetic species in the dilating plasma plume [58].

Target-substrate distance: The target to substrate distance is a useful parameter
for reducing the particulate formation since majority of the PLD depositions are
carried out in high pressure conditions. If the thin film is deposited in vacuum
environment, the target to substrate distance mainly affects the angular spread of
the ejected flux. Thus, the effect of target to substrate distance and the background
gas pressures is inter-related. The plume length decreases as the ambient gas pres-
sure increases, because of the increased collisions between the plume species and
background gas molecules. Therefore, a smaller target to substrate distance should
be kept in the case of depositions carried out at high pressures.

Deposition rate: This mainly depends on the repetition rate or the frequency of
laser shots which controls the volume or amount of the plume species reaching the
substrate and, thus, controls the thickness of the deposited thin film. Deposition
rate also depends on the background gas pressure as described previously and
mainly modulates the super-saturation process during deposition, which has an
influence on the critical nucleation point and the density of nucleation sites. Also,
ultra-smooth thin films can be obtained at optimized deposition rates.

Substrate temperature: Substrate temperature plays a critical role in terms of the
diffusion barrier during the growth process and strongly affects the growth modes.
It influences the nucleation process as well as the mobility of the condensed species
across the substrate, and therefore, is crucial in deciding the phase boundary in the
crystalline thin films during PLD growth. At lower substrate temperatures, the thin
film produced may be amorphous or polycrystalline due to the lower nucleation
rate, as the thermal energy provided is too small for overcoming the nucleation
barrier. When the substrate temperature is too high, the nucleation rate gets limited
due to the high rate of atomic exchange between the solid and gaseous species.
Thus, an optimum temperature is required for the easy crystallization of thin films
as it becomes easier to overcome the nucleation barrier and form nuclei on the
substrate [57].

4. Recent advancements in the PLD growth of TMDCs-based PDs

In general, the PLD-grown TMDCs-based PDs exhibit device performance that
is comparable with the PDs based on traditional bulk semiconductors. Additionally,
PLD is also beneficial for scalable production up to the wafer-scale. Therefore,
growth of these TMDCs through PLD for applications in photodetection shows a
tremendous potential to translate the fundamental laboratory research to realization
of industrial and practical applications.

MoS; is probably the most studied material among various TMDCs and was prob-
ably the first member to be fabricated by PLD. One of the earliest investigations on
the photodetection studies of MoS,-based PDs was done by Alkis et al. [59], in which
the authors have fabricated MoS, nanocrystallites through PLD in deionized water
and have demonstrated ultraviolet photodetection using the thin films of the obtained
MoS, nanocrystallites. Mostly, the PLD fabricated PDs based on the TMDCs are in the
form of thin films. The earliest MoS, thin film-based PD grown by PLD can be traced
back to 2014, when Late et al. [60] synthesized wafer-scale MoS, thin films on flexible
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kapton substrates. The devices showed a good photoresponse towards UV light, with
stable response and recovery in self-powered mode (Figure 4a and b). The origina-
tion of this self-powered behavior might be from the unintentional inhomogeneities
in the contact electrodes [61, 62]. However, the observed response was very weak in
the zero-biased mode. This work demonstrated that layered TMDCs can be promising
candidates to be used as flexible devices in future photonic applications. In the mean-
time, researchers across the world started to explore the synthesis of other TMDCs

by PLD. In 2015, Yao et al. [47] deposited multilayered WS, by PLD and performed
detailed and systematic investigations on its photodetection properties (Figure 4c—f).
The synthesized device exhibited a broadband and reproducible photoresponse with
good stability. The photoresponse in ambient conditions reached 0.51 AW, which
was several orders higher than the CVD-grown WS, thin films. In vacuum conditions,
the responsivity was found to be enhanced to a value of 0.7 AW ™. The lower respon-
sivity in ambient conditions has been explained on the basis of oxygen molecules
adsorbed on the surface of WS, which trap conduction electrons, and form O,". These
species act as recombination centres for the photogenerated carriers. Thus, a greater
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( ag MoS, thin film deposited on flexible kapton substrate and (b) temporal vesponse of the device in zero-bias
mode. Figures have been reproduced with permission from Ref. [60]. (c) Cross-sectional schematic view of the
WS,-based photoresistor, (d) temporal response of the device in air, (e) I-V curves of the WS,-based device in
vacuum and in aiv, and (f) schematic of the photodetection mechanism based on adsorption and desorption of
O, molecules. Figures have been reproduced with permission from Ref. [47].
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number of adsorbed O, molecules are present in ambient air environment, which
hampers the responsivity of the device. Furthermore, the device maintained a stable
and reproducible photoswitching even after one-month of storage in air, indicating
the robustness of the device.

The progress in the PLD growth of TMDCs has been quite significant, however,
the crystal quality normally remains inferior when compared to the bulk natural
crystals. This opens a window to further improve the device quality as well as the
performance of PLD-fabricated PDs. One such work has been reported recently,
where Wang et al. [63] have attained a dramatic improvement in the quality of the
PLD-synthesized WS, photoresistors by using a post-synthesis annealing procedure.
With increase in the post-deposition annealing temperature from 310 to 610°C, the
device performance parameters of the WS,-based PD (annealed at 610°C) enhanced
by 2-3 orders of magnitude when compared to the devices annealed at lower tem-
peratures. Annealing treatment usually provides a sufficient amount of energy and
time to the atoms and molecules, for the structural reconstruction to annihilate
crystal defects, and thus, has been adopted as a universal post-fabrication technique
for improving the quality of the products. In another work, Yao et al. [64] have
synthesized a hybrid WS,/Bi,Te;/SiO,/Si-based PD. The purpose of the insertion of
the Bi,Te; layer in between WS, and SiO, was to passivate the interface. The device
demonstrated a stable, reproducible and broadband photoresponse (370 to
1550 nm). Moreover, the device showed a high photoresponsivity of 30.7 AW " and a
pronounced specific detectivity of 2.3 x 10" Jones with a rise time of 20 ms. The

performance of the detector has been attributed to the surface passivation of SiO, by
the Bi,Te; interfacial layer. SiO, surface possess a lot of unscreened dangling bonds.
When WS, is directly deposited on SiO,, these bonds can introduce a large density of
defects at the bottom of the WS, layer, which will act as recombination and scattering
centers for the photogenerated charge carriers. With the introduction of Bi,Te; layer,
these dangling bonds are greatly suppressed, and this results in the growth of WS,
film with high crystalline quality, which eventually enhances the PD’s performance.
Spectral range of a PD is equally important when compared with the other
figures of merit and altering the effective wavelength range of TMDC-based PDs is
extremely important for specific applications. It has been shown that by introducing
defect states in the forbidden gap of a semiconductor, the detection range can be
dramatically extended, and sub-band gap detection can be accomplished. Xie et al.
[65] have demonstrated ultra-broadband MoS,-based PDs through PLD by forming
sulfur vacancies in MoS,. The S/Mo atomic ratio was modified from 1.89 to 1.94 by
controlling the number of laser pulses from 1200 to 300, resulting in a dramatic
increase in the band gap of the semiconductor. Consequently, the S-deficient
MoS,-based PD exhibited an unprecedented ultra-broadband detection range from
445 to 2717 nm. However, theoretical calculations have been done which indicated
that the Mo vacancies in MoS, possess a higher capability for narrowing the band
gap. Therefore, in a subsequent work, Xie et al. [66] have synthesized a series of
Mo-deficient MoS,-based PDs by moderating the target to substrate distance during
the PLD growth. As a result of these modulations, the effective spectral range of
a MoS, 17 PD spanned all over from 445 nm to 9536 nm. Although the detection
range can be extended up to mid infrared (MIR) with the introduction of the defect
states, however, it is accompanied by certain challenges that hinders the usability
of this method in practical devices. These include the control over the creation of
these defects, which is still an unresolved problem. Furthermore, the electronic
properties of the charge carriers are severely hampered owing to the increased scat-
tering effects from these defect states. Thus, such devices often suffer from meager
responsivities and slower response speeds.
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Recently, Jiao et al. [67] have synthesized high-quality and wafer-scale 2D lay-
ered MoS, thin films by PLD. The device exhibited competitive device performance
to the commercial Si and Ge-based PDs. The value of the responsivity was recorded
to be 1.96 AW for single layer MoS,-based device, under 300 nm light illumination
(Figure 5). The PD shows a broadband photoresponse ranging from UV to NIR,
with a fast response of 96 ms. This enhancement in the performance was attributed
to the variation in the Schottky barrier at the Au/MoS, interface.

The above discussed PLD-grown TMDC-based PDs are based on the metal-
semiconductor-metal type device configuration, and suffer from relatively lower
photoresponsivity, low on/off ratios, narrowband detection and slower detection
speed. Hence, strategies are being developed to overcome these limitations. PDs
having transparent electrodes such as indium tin oxide (ITO) and graphene, instead
of the conventional metal contacts and PDs based on heterojunctions of two or
more materials have many advantages such as low value of dark current, higher
on/off current ratios, broadband detection range, and higher responsivities due to
favorable band alignments.

One such work was carried out in 2016, when Zheng et al. [68] successfully
prepared centimeter-scale and highly-crystalline WSe, thin films on polyimide
substrates by the technique of PLD and have fabricated high-performance PDs
based on these WSe; thin films. They obtained a broadband spectral response,
ranging from 370 to 1064 nm. Moreover, a reproducible photoresponsivity
approaching up to 0.92 AW, an EQE of 180% and a fast response speed of
0.9 s have also been achieved. The PD also exhibited excellent air durability and
mechanical flexibility. The enhanced performance has been attributed to the good
Ohmic contacts WSe, forms with ITO, because of a low mismatch between the
work functions of the two materials. Due to the Ohmic contacts, the carriers can
be efficiently injected through the ITO electrodes under an applied bias, which
will result in generation of a high photocurrent. Ohmic contacts lead to photo-
detection mechanisms based on the intrinsic properties of the photosensitive
material under light irradiation.

Using a similar approach of integration of ITO electrodes on the device,
Kumar et al. [69] have reported a UV PD which utilizes few layered MoS, depos-
ited by PLD. The device shows a high responsivity of 3 x 10* AW and detectiv-
ity of 1.81 x 10" Jones, at a nominal voltage of 2 V with fast response time of
32 ms. This performance is better than most of the reported devices based on 2D
layered materials. The PD exhibited a very low value of dark current (~107° A)
which is the reason behind such an excellent device performance. This may be
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(a) Schematic of the interdigital patterned gold electrodes to form a metal-semiconductor-metal type

contact, and (b) the wavelength dependence of responsivity (300 to 900 nm) for the device. Figures have been
reproduced with permission from Ref. [67].
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because of suitable band alignment with the ITO electrodes as well as the deposi-
tion of high-quality films as the deposition was carried out in the presence of
nitrogen gas, leading to lower number of sulfur vacancies.

Till now, all the above reported devices require some external bias for obtain-
ing significant photodetection. Over the years, PDs which consume no external
power have attracted a lot of attention because in the current scenario of energy
crisis, a lot of research has been focused on energy producing and energy stor-
age devices [70-74]. Such self-powered PDs depend on the interfacial built-in
potential which enhances the effective separation of photogenerated carriers.
This built-in electric potential also suppresses the dark current, which is another
benefit for such PDs. Therefore, these self-powered devices have a great prospect
for the next-generation PDs.

In 2015, Yaoet al. [75] designed a Bi/WS,/Si heterojunction-based PD by
depositing polycrystalline WS, and Bi thin films on a p-type Si substrate by PLD
(Figure 6). The PD exhibited a decent responsivity of 0.42 AW and a high detec-
tivity of 1.36 x 10" Jones with ultrahigh sensitivity. It was observed that the
performance of the Bi/Si heterointerface was enhanced by the insertion of the WS,
film. The enhanced device performance has been attributed to the effective passiv-
ation of the junction, and enhanced light absorption. Moreover, due to the favorable
band alignment, WS, acts as a selective carrier blocker, which further enhances the
device performance.

Recently, Singh et al. [4] demonstrated an MoS,/AIN/Si-based PD grown
by PLD, thus combining the excellent and unique properties of MoS, with the
matured technologies of Si and III-nitride semiconductors. Moreover, due to a large
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difference in the work functions of these materials, the band bending of the hetero-
junction at the interfaces resulted in self-powered behavior. The vertical transport
of the PD exhibited an exceptional broadband photoresponse (300-1100 nm) in
the self-powered mode. The device shows a responsivity of 9.93 AW under zero-
bias condition with ultrafast response speeds (response/recovery times - 12.5/14.9
ps). The photoresponse of MoS,/Si has also been given, to show the importance of
inserting the AIN layer. The MoS,/Si PD exhibits a responsivity of 1.88 AW (~5
times less) in self-powered mode. The authors have shown that the native oxygen
defects are present throughout the AIN layer, and this has been confirmed with the
help of X-ray photoelectron spectroscopy and transmission electron microscopy.
These oxygen impurities form deep donor states in AIN and modulate the transport
of the charge carriers, and this leads to the enhanced performance of the MoS,/AIN/
Si-based device (Figure 7).

5. Summary

The past few years have undoubtedly witnessed tremendous advances in the
PLD growth of TMDCs and their applications in the field of photodetection.
In this chapter, the basic properties of TMDCs and the common growth tech-
niques employed for their fabrication have been reviewed briefly, followed by
a detailed and elaborated discussion about PLD and the important parameters
associated with it. Finally, a progressive investigation about the PDs based on
TMDCs fabricated through PLD has been discussed. These extensive achieve-
ments in the field of photodetection have unquestionably established PLD as
one of the most competitive and reliable methods for fabricating industrial-
scale and high-quality TMDCs. PLD, therefore, certainly has a lot of potential to
contribute in the development of the next-generation TMDCs-based PDs in the
future.

6. Looking into the future
Based on the analysis of the previous reports in this area, an outlook regarding
the future of PLD-synthesized TMDCs and the related follow-up research work has

been summarized below.
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e The research on the PLD-fabricated TMDCs-based PDs is still in its nascent

stage and therefore, there is still a room for improvement in the crystal-quality
of the PLD-grown thin films, by selecting appropriate substrates and by
further tuning and optimizing the various unexplored growth parameters,
such as annealing temperature and time, cooling ramp rate, geometry of the
laser spot, surface morphology of the source targets, laser frequency, and so
on [18].

Apart from a few reports, most of the research regarding PLD growth of
TMDOC:s for photodetection application is based on the use of a single photosen-
sitive material. Therefore, promising results are expected on the exploration of
the heterojunctions of these layered materials with established bulk semicon-
ductors like I1I-nitrides, which have shown great results in this field. Moreover,
TMDCs can serve as excellent substrates for high quality and epitaxial growth
of III-nitrides, which would lead to better device performance.

The use of transparent 2D semiconductors such as graphene or graphene
derivatives and semi-metallic phase of TMDCs, can be used in place of the
conventional metal electrodes, as they maximize the area of light absorption
along with having outstanding electronic properties.

Till date, researchers and scientists across the world have mostly exploited
heterojunctions of TMDCs in their thin film forms. Heterointerfaces based on
one dimensional (1D) nanostructures may provide new routes for the develop-
ment of high-performance devices. The nanowire-based heterostructures of
the TMDCs with growth along these nanowires or a core-shell structure will
enable a much higher surface to volume ratio and therefore, a larger active
interface. This will lead to enhancement in the photoresponse and superior
optoelectronic performance.

As a concluding statement, PLD has been proven to be a promising synthesis

technique for TMDC:s for applications in photodetection, and these PDs have shown
outstanding performance that can compete with those of the commercially available
PDs. The fabrication through PLD is cost-effective and scalable, and hence, PLD is a
perfect tool for fabrication of practical devices for optoelectronic applications at an
industrial scale production.
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Abstract

The semiconductor industry flourished from a simple Si-based metal oxide
semiconductor field effect transistor to an era of MOSFET-based smart materials.
In recent decades, researchers have been replacing all the materials required for the
MOSFET device. They replaced the substrate with durable materials, lightweight
materials, translucent materials and so on. They have came up with the possibility
of replacing dielectric silicon dioxide material with high-grade dielectric materials.
Even then the channel shift in the MOSFET was the new trend in MOSFET science.
From the bulk to the atomic level, transistors have been curiously researched across
the globe for the use of electronic devices. This research was also inspired by the
different semiconductor materials relevant to the replacement of the dielectric
channel/gate. Study focuses on diverse materials such as zinc oxides (ZnO), elec-
trochromic oxides such as molybdenum oxides (including MoO; and MoO,) and
other binary oxides using ZnO and MoO;. The primary objective of this research is
to study pulsed laser deposited thin films such as ZnO, MoOs, binary oxides such
as binary ZnO /Mo0O;, ZnO /TiO; and ZnO/V,0s and to analyse their IV properties
for FET applications. To achieve the goal, the following working elements have been
set: investigation of pulsed laser deposited thin film of metal oxides and thin film
of binary metal oxide nanostructures with effects of laser repetition and deposition
temperatures.

Keywords: binary oxides, PLD, thin film, metal oxides

1. Introduction

Metal oxide thin film plays an important role in various applications such as
aircraft cockpits, electronic displays, medical devices, solar panels, smart windows
and high-temperature sensors in spacecraft, photonics, photodetectors, infrared
detectors, phototransistors, transparent electronics, optics, anti-reflective and
decorative coatings [1]. They own excellent banding and carrier mobility for
conduction phenomena in the field effect transistor application. The semiconduc-
tor industry flourished from a simple Si-based metal oxide semiconductor field
effect transistor to an era of MOSFET-based smart materials. In recent decades,
researchers have been replacing all the materials needed for the MOSFET unit. They
replaced the substrate with flexible materials, light weight material, transparent
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material, etc. They also come up with the idea of replacing dielectric silicon dioxide
material with high-grade dielectric materials. And changing the channel in the
MOSFET has become the latest trend in FET research. From the bulk to the atomic
level, transistors have been interestingly studied around the globe for the applica-
tion of electronic devices. This research was therefore motivated by the various
semiconductor materials applicable to the replacement of the dielectric channel/
gate [2, 3].

Research focuses on various materials such as zinc oxides (ZnO), electrochromic
oxides such as molybdenum oxides (including MoO; and MoO,) and various binary
oxides using ZnO and MoO;. New electrical results are studied with the investiga-
tion of the conduction mechanism using ac complex impedance spectroscopy
with ZnO and MoO; binary oxides. This has motivated the research to work on
new binary materials with ZnO /TiO; and ZnO /V,0s. As a result, we investigated
the various electrical properties and complex impedance parameters using ac
impedance spectroscopy. An attempt with pulsed laser deposited ZnO thin film as
a channel layer and AlL,O; as a dielectric layer in FET was fabricated and studied.

A transistor with ZnO channel, MoO; as an interlayer with source-substrate and
drain-substrate, and a layer of binary oxides ZnO/MoO; and ZrO, as a dielectric
stack layer is also manufactured and analysed.

The primary objective of this research is to study the pulsed laser deposited thin
films such as ZnO, MoOs, binary oxides such as ZnO/MoOs, ZnO/TiO, and ZnO/
V,0s and their behaviour as gate dielectric layer to investigate the IV properties for
FET applications. To achieve the objective following work elements were set: First
to investigate the pulsed laser deposited thin films of ZnO nanostructures with the
effects of laser repetition rate and deposition temperatures, then an investigation of
the MoO; and MoO; thin films by pulsed laser deposition with the impact of O, and
Ar atmosphere gas and deposition temperatures. The research continued its next set
of investigation of the current conduction mechanism of the pulsed laser deposited
binary oxide ZnO/MoQ;, ZnO/TiO, and ZnO/V,0s thin films using ac complex
impedance spectroscopy and the impact of wide range of temperature from 298 K
to 423 K and a wide range of frequency from 1 Hz to 1 MHz. Finally, a ZnO thin
film by pulsed laser deposition as n-channel MOSFET and its performance of ZnO
channel along with various binary oxides and interlayer MoO; in MOSFET were
studied [4].

2. Materials and methods
2.1 General information on zinc oxide

Zinc oxide is a unique material that exhibits exceptional semiconducting, piezo-
electric, and pyroelectric properties. Nanostructures of ZnO are equally as impor-
tant as carbon nanotubes and silicon nanowires for nanotechnology and have great
potential applications in nanoelectronics, optoelectronics, sensors, field emission,
light-emitting diodes, photocatalysis, nanogenerators, and nanopiezoelectronics.
Fundamental understanding about the growth of ZnO nanowires is of critical
importance for controlling their size, composition, structure, and corresponding
physical and chemical properties [5].

2.2 General information on transition metal oxide

Moreover, the MoO;s, V,05 and TiO, belong to the transition metal oxides (TMO)
family. Hence these mixed metal oxides MoO;, V,05 and TiO; also called as binary
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transition metal oxides (BTMOs). They consist of at least one transition metal ion
and one or more electrochemically active/inactive ions. They can use the synergism
behavior of pure oxides, which can enrich the capacitive performance with an
expanded potential window, supplementary active sites, excellent conductivity and
improved stability. According to Zhang et al. [6], BTMOs possess higher revers-
ible capacity, better structural stability and electronic conductivity, and have been
widely studied to be novel electrode materials for transistor applications.

2.3 Basic properties of ZnO, MoOj3, TiO, and V,0s
Table 1 provides the basic properties of ZnO, MoO;, TiO, and V,0s.
2.4 Pulsed laser deposition

The various thin film deposition methods are sol-gel deposition, thermal
electrodeposition, chemical vapor deposition, sputtering, atomic layer deposition,
pulsed laser deposition and so on. Among these the pulsed laser deposition is a
sophisticated, rich and excellent deposition method especially for metal oxides
(MO) thin films depositions.

2.5 Physical principle

A pulsed laser beam is allowed to hit the target material which is placed on
the target holder. This is fixed with the rotating target carrousel. A laser plume
consisting of atoms, molecules, ions, nanoparticles and microparticles also known
as plasma produced. This plasma of molten material by the pulsed laser starts

Properties Zinc oxide Molybdenum Titanium Vanadium
oxide dioxide pentoxide
Molecular formula ZnO MoO; TiO, V205
Molar mass (g/mol) 81.39 143.94 79.87 149.88
Appearance White solid Colorless or white White Yellow to red
to slightly bluish powder crystalline
powder or granules powder
Odor Odorless Odorless Odorless Odorless
Density (g/cm®) 5.61 4.70 423 3.36
Refractive index 2.0041 2.5166 29103 2.3
Melting point 2248 K (decomposes) 1068 K 2128 K 2213K
Boiling point 2633 K 1428 K (sublimes) 3273 K 2023 K
(decomposes)
Solubility in water 0.16 mg/100 mL 0.49 g/1000 mL in Insoluble 1g/125mL
(at 30 °C) (Insoluble water at 28 °C in water (slightly
in water) soluble)
Bandgap (eV) 3.34 (direct) 2.9 (direct) 3.2 2.8 (indirect)
(indirect)
Dielectric constant 8.33 35 80 372
CAS number 1314-13-2 1313-27-5 13463 1314-62-1
67-7
Table 1.

Basic properties of the ZnO, MoO,, TiO, and V,0s.
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depositing on the substrate a rich, vibrant, stoichiometric and neatly arranged
self-assembled layers. Figure 1 depicts the schematic of the working principle of
the PLD.
2.6 Working operation of PLD

Figure 2(a) and (b) shows the flowchart of the experiments to be carried out in
a standard procedure before and after the deposition process using the pulsed laser
deposition system.
2.7 Advantages of using PLD

The advantages of using PLD include:

i. wavelength and power density flexibility help to ablate any material
combination.

ii. laser system is separated from the vacuum system hence while in the ablation
geometry there is a considerable degree of freedom

— ul
H
A: ROTATING TARGET
B: TARGET CARROUSEL
C: LASER PLUME
D: SUBSTRATE
E: HEATABLE SAMPLE STAGE
F: LASER BEAM
G: PORT WITH QUARTZ WINDOW
H: VACUUMCHAMBER
Figure 1.
Schematic working of pulsed laser deposition.
(a)
Switch On Set the no.
" . N Set the
Place the Set the Fs':;gfj'e ;t; :I‘: n Substrate of 2::?:; &
Prepare the M%‘:ﬁ!et catrarrug:stel on the Rotary ON t%':fﬁ::war:' repetition
MO pellet target angle and sample — start flow [MEC rate (SRR)
Ci rrrgusel gsitiun stage turbo pump on) - Switch & Start the
a P (heatabld stand by on the laser deposition
mode process
Switch Switch After Switch
Switch off the Open heat Mass Switch A00H: off
off the target Standby valve & Flow off the switch off channel 2
laser carrousel mode off gaslet Controller Turbo rota & Switch
controller valve off (MFC) pump v off the
pump t
off mains
Figure 2.

Operation of PLD instrument (a) before and (b) after deposition.
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iii. a precise control over the growth rate is enabled by the usage of laser
beam and

iv.the transfer of the composition for most of the ablated materials show better
congruence and stoichiometry.

3. Experimental details

Figure 3 shows the schematic of ZnO deposited on Si/glass substrate by pulsed
laser deposition. In this work, pulsed laser deposition technique was used for grow-
ing high quality stoichiometric ZnO thin films. Laser from the source hits the ZnO
target, a plasma plume consisting of molecules and atoms of zinc and oxygen start
to deposit on the surface of the substrate. The plasma plume regime is known as the
plasma perimeter. Mostly the plume will be centered in the course of the plasma
perimeter. The plasma perimeter dependent upon the factors such as laser energy,
laser repetition rate, temperature maintained, pressure and the distance between
the target and the substrate. A detailed study of the effects of laser repetition rate,
deposition and annealing temperatures on the electrical, optical and structural
properties of the pulsed laser deposited ZnO thin films were carried out.

In the same way the preparation for other materials such as MoOs;, MoO,, binary
oxides ZnO/Mo0;, ZnO/TiO, and ZnO/V,0s5 were carried out with pulsed laser
deposition. Various analytical techniques such as SEM, UV-Visible spectroscopy,
current-voltage characterization, ac complex impedance spectroscopy were also
carried out to study the structural, morphological, optical and electrical properties.

| ZnO target

Plasma plume Plasma perimeter

deposited ZnO thin film made by ZnO
nanostructures / nanotextures

Glass/silicon substrate

Figure 3.
Schematic of pulsed laser deposited ZnO thin film nanostructures/nanotextures on Glass/Si substrate [7].

4. Results and discussion

4.1 Investigation of ZnO nanostructures with the effects of laser repetition rate
and deposition temperatures

The structure and properties of the transparent ZnO films deposited on glass
substrates were then analyzed using X-ray Diffraction (XRD) as shown in Figure 4
and confirmed the presence of hexagonal wurzite ZnO for the samples deposited at
300 °C, 450 °C and 600 °C [8].
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Figure 4.

XRD spectra of ZnO thin films (a) 10 Hz samples and (b) 5 Hz samples - (i) as deposited, (ii) at 150 °C, (iii)
at 300 °C, (iv) at 450 °C and (v) at 600 °C.

It is also confirmed by the card no. 80-0074 of the Joint Committee on Powder
Diffraction Standards (JCPDS) [9]. The XRD results provide the wurzite hexagonal
crystal structure for the sample deposited at the temperature from 300-450 °C.

The high intensity (002) plane preferentially grows in thin films above 300 °C. The
(002) peaks become intense if the substrate temperature is increased from 300

to 600 °C. The grain size of the polycrystalline film increased with increasing the
substrate temperature while deposition. Table 2 provides the details of the bandgap
energy calculated from the UV transmission spectra of the sample at various tem-
peratures such as 25 °C (as deposited), 150 °C, 300 °C, 450 °C and 600 °C samples.

The transmission spectra for 10 Hz and 5 Hz samples are shown in Figure 5.

The ZnO thin films deposited at 10 Hz and 5 Hz shows an excellent transmit-
tance and high transparency rate along with a decreasing energy bandgap as the
temperature increases from as deposited sample at room temperature to 450 °C. The
value of bandgap is estimated from fundamental absorption edge of the films. For
the direct transitions, the absorption coefficient is expressed by

(ahv)2 :k(hv—Eg) (1)

where k is constant, E, is the energy bandgap, v is the frequency of the incident
radiation and h is Planck’s constant. Because ZnO has a large exciton binding energy
of 60 meV, an obvious exciton effect will always appear in the absorption spectra
of high-quality ZnO films. As the ZnO thin film quality improves, a pronounced
exciton absorption peak located at 3.1-3.3 eV was observed. The UV band was

Samples UV emission center Bandgap UV emission center Bandgap
at10 Hz (nm) energy (eV) at5Hz (nm) energy (eV)
As deposited 399 nm 3.209 400 nm 3218
150 °C 395nm 3177 395nm 3177
300°C 393 nm 3.161 394.8 nm 3.176
450 °C 393 nm 3.161 393.5nm 3.165
600 °C 409 nm 3.290 394.3 nm 3172
Table 2.

Bandgap energy of the samples deposited at various temperatures obtained from UV transmission spectra.
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Figure 5.
UV-Transmittance (T%) spectra at various deposition temperatures (a) Wavelength Vs T% of 10 Hz samples,
(b) Tauc-plot of 10 Hz samples (c) Wavelength Vs T% of 5 Hz samples and (d) Tauc-plot of 5 Hz samples.

assigned to be the free exciton. It is also observed that at 600 °C the energy bandgap
started to increase slightly. The bandgap energies obtained from Tauc-plot of opti-
cal transmittance are tabulated in Table 3.

4.2 Investigation of MoO; and MoO, nanostructures

Figure 6 shows the FESEM images of the pulsed laser deposited with various
thin film of molybdenum oxide. The sample deposited at 450 °C and using the O,
gas atmosphere, near the edges and unfilled region, hexagonal (100) nanotubes,
along with neatly arranged orthorhombic (040) molybdenum trioxide (MoOs)
structures is shown in Figure 6a. Followed with Figure 6b shows the sample
deposited at 450 °C using the O, gas atmosphere, uniformly arranged orthorhombic
(040) structures of the MoO; seen. Then, Figure 6¢ shows the sample stored at

Samples Egat10 Hz (eV) Egat5Hz (eV)

As deposited 3.189 3.239

150 °C 3.165 3198

300°C 3106 3143

450 °C 3.073 3.083

600 °C 3118 3170
Table 3.

Bandgap energy obtained from Tauc plot of optical transmittance.
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Figure 6.
Field Emission Scanning Electron Microscopy (FESEM) images of molybdenum oxides thin films deposited by
PLD. (a) and (b) MoO; at 450 °C (c) and (d) MoO, at 450 °C.

450 °C under the argon gas atmosphere, near the unfilled region, neatly arranged
monoclinic molybdenum dioxide (MoO,) structures. Finally, the sample deposited
at 450 °C using the argon gas atmosphere, which shows uniformly arranged mono-
clinic MoO, structures is shown in Figure 6d [10].

Figure 7 shows the XRD spectra of the pulsed laser deposited molybdenum
oxide thin films at the various conditions. The sample deposited at the room
temperature was the as-deposited thin film which exhibits the amorphous nature.
Then the sample was deposited at a substrate temperature of 450 °C and 600 °C,
which exhibit orthorhombic structure with 020 and 040 peaks and are confirmed
with the ICSD 80577. Then the deposition duration was increased from 2 minutes
to 20 minutes, with the O, atmosphere, which results in orthorhombic structures
and hexagonal structures and the peaks are found at 100 and 211 respectively. Then
the next sample when deposited with same temperature and duration under the Ar
atmosphere, the XRD spectra shows the monoclinic structures and confirms as in
Figure 4 the presence of MoO, with 110, 020 and 220 peaks with the ICSD 23722
and JCPDS 65-5787. When the sample deposition temperature increased from
450 °C to 600 °C, the structure crystallization takes place [11].

4.3 Investigation of conduction mechanism by ac complex impedance
spectroscopy for PLD binary oxides ZnO/MoO; thin films

The complex impedance (Z” vs. Z’) plots of pulsed laser deposited binary oxides
ZnO/MoO; (ZMO) thin films are displayed in Figure 8. The response of a measure-
ment in a complex impedance plot enables us to separate two contributions which
appear in the form of semicircles arcs. We know that, for a semiconducting mate-
rial having interfacial boundary layers (grain-boundary) and the figure exhibits
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semicircles that are deformed and depressed with their centres below the real axis
as the temperature range investigated, complex curve consists only one depressed
semi-circle and its centre lies below the real axis. Furthermore, depressed arc is
typical for a dipolar system involving distribution of relaxation time. Moreover, it
is noted that the diameter of semi-circles decreases with increase in temperature
which also refers to the decrease in the resistivity. The equivalent circuit for this
sample is a series Resistor-Capacitor (RC) circuit. Whereas the semi-circled imped-
ance samples possess the characteristics which are attributed to the semiconductor
behaviour, in which the electrical conduction process is thermally activated.

The equivalent circuit for these depressed semi-circles of the ZMO thin films may
be described by a parallel connection of an ohmic resistor R and a capacitor C, also
known as Randles circuit. Here the capacitor is replaced with a constant phase element
(CPE) associated with both the resistors and capacitors [12]. Indeed, in the present
study, the complex plane plot can be described by the Nyquist plot, which is given by

z-_ R @)
[1+(jor)']

where o is angular frequency, T = RC is the relaxation time and « is a parameter
that characterizes the distribution of relaxation times with values ranging from 0 to 1.
When a is zero, the relaxation is said to be Debye relaxation and when a is greater than
zero, the relaxation times are said to have distribution.
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Frequency dependence of the real part (Z°) of the complex impedance. (a) As deposited ZMO, (b) ZMO
deposited at 623 K, (c) ZMO deposited at 773 K and (d) ZMO deposited at 923 K.
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Imaginary part of impedance (Z”) as a function of frequency. (a) As deposited ZMO, (b) ZMO deposited at
623 K, (c) ZMO deposited at 773 K and (d) ZMO deposited at 923 K.

Figure 9 shows the frequency dependence of the real part (Z’) of the complex
impedance Z* = Z’-jZ” for temperatures ranging from 298 K to 923 K [4].

It is observed that as there is a rise in the temperature and the frequency, the real
impedance magnitude Z’ decreases and hence the materials show a negative tempera-
ture coefficient of resistance (NTCR) and are attributed to a semiconductor behaviour.
It is also noticed that the value of Z’ for all the temperatures merges towards the high
frequency due to the space charge dependent behaviour. The charge carriers are settled
on the portion of the grain boundaries with sufficient energy to overcome the barrier
with the increase in the temperature and hence we can emphasize as in conductivity. It
can be seen that the peak position shifts from lower to higher frequencies with increas-
ing temperatures. But the maximum value of the imaginary part Z”,,, values decreases
due to thermally activated dielectric relaxation process as shown in Figure 10 [4].

The same investigation carried out for the binary oxides ZnO/V,0s and ZnO/
TiO, and its performance as dielectric material with respect to wide frequency range
and wide temperature range. The behaviour is compared and studied with respect
to various deposition temperatures [13].

5. Conclusions

The nanostructured thin films metal oxides such as ZnO, MoO;, MoO,, binary
oxides ZnO/MoOs, ZnO/Ti0; and ZnO/V,0s were prepared using pulsed laser
deposition technique. The ZnO thin film nanostructures are seen through the SEM/
FESEM at the different deposition temperature. Through the increase of deposition
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temperature to 450 °C, the orthorhombic MoO; and monoclinic MoO, are prepared
at the O, and Ar gas deposition atmosphere and confirmed using the FESEM and
XRD. The binary oxides ZnO/MoOs, ZnO/Ti0, and ZnO/V,0s shows amorphous
nature even at high deposition temperature. The thin films dielectric properties,
electric modulus and impedance properties were analysed using ac complex imped-
ance spectroscopy. The dielectric relaxation process is thermally activated for all
the samples suitable for channel applications in FET devices. They confirm them to
possess the nature of semiconducting property by the deformed semi-circle for the
impedance Nyquist plots.
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Chapter 4

Laser Surface Modification of
Materials

Natarajan Jeyaprakash, Che-Hua Yang
and Duraivaj Raj Kumar

Abstract

The metallic materials such as steel, iron, titanium and nickel alloys etc., are
extensively used in the automobile, marine, biomedical, aerospace, chemical indus-
try and power generation sector. However, the poor surface properties restricted
their wide usage in many applications. Therefore, the surface properties need to be
enhanced through novel treatments without affecting the bulk. In recent years, laser
surface modification attracts more due to their inherent properties. The laser based
surface altering process is appropriate to modify the metallic surfaces in terms of
their flexibility, simple operation and process economy. Laser surface modification
includes; surface hardening, melting, alloying, cladding and texturing. Thus, from
a process engineering, metallurgical reasons and tribologist view point, the laser
surface modification process can be recognized as an important topic.

Keywords: laser hardening, melting, alloying, cladding and texturing

1. Introduction

In the 20th century, Laser surface alteration played a major role in enhancing
the material surface properties. Among the number of ways to enhance the mate-
rial properties, laser based surface alterations are used to enhance a better physical
property in the machined surface and improved the component performance. The
high power Neodymium Yttrium-Aluminum-Garnet (Nd: YAG) laser, carbon-di-
oxide (CO,) laser and excimer lasers are used to perform the laser surface treatment
which is expensive, popular and operate at pulsed mode or continuous wave mode.
These lasers are used to heat the near-surface area of the finished components for
enhancing the properties. The laser surface modifications have the ability to control
the amount of heat energy to work material with high directionality. The purpose of
a surface hardening by laser is to improve the component wear properties. The laser
surface hardening is defined as the heat energy from the laser beam that directly
heated the component surface at a very short interval period without melting the
work material. The heat input to the component surface is the reason for creating
the tough and fine-grained structure in the hardened surface. The risk of crack
forming is very low due to the self-quenching process. The laser surface melting
(LSM) is heated to its melting point through a high power laser beam and rapidly
solidified. The aim of LSM is to refine the surface microstructure, homogenization
of composition, dissolution of precipitates. The LSM is also used to improve the
corrosion resistance of steel and iron. The minimization of intergranular corrosion
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is possible through LSM by avoiding the carbides formation during subsequent
homogenization and sensitizing treatment. The laser surface alloying (LSA) is
defined as the high heat energy used to melt the metal coating through laser and

a portion of underlying substrate. This technique is used to form highly resistant
gradient layers on the metal surface. The major benefit of this technique is sudden
heating followed by cooling and the surface properties are improved. The laser
cladding (LC) is a coating method that the surface melting and new material layer
formation by addition of material are simultaneously processed in the substrate at
the same time by using the laser power. The desired surface properties are achieved
after solidification. The large component surface properties are easily increased

by using LC. The complete metallurgical bond is necessary between the melting

of substrate and forming of a new material layer at the interface. The laser surface
texturing (LST) is defined as the process in which the change of material surface
properties by modifying its texture and roughness. The laser beam is used to create
the micro patterns on the surface by laser ablation. The micro patterns are cre-
ated on the surface in various shapes such as dimples, grooves and free forms with
precise dimension. This process is mostly used in biomedical applications.

The different types of laser have different abilities to perform the process on
materials. All the lasers are producing the heat energy and the laser beam wave-
length is majorly affecting the performance of materials. Generally, the total laser
heat energy is supplied to work material in which can be divided into two ways such
as the fraction of heat energy is observed by work material and remaining heat
energy is reflected to the environment. This happens during the surface hardening
by laser. The supply of heat energy to polished metal surface components is depend-
ing upon the heat absorbability of work material and wavelength of irradiation.
Generally, the short wavelength has higher absorptivity. Hence, the Nd: YAG laser
(A = 1.064 pm) has produced the higher absorbing ability beam to work material
than the CO, laser (A = 10.6 um) for surface hardening of steel. In order to increase
the CO, laser absorbility (high wavelength) to work material, the coating or
painting is required in the work material prior to the CO, laser surface hardening.
Therefore, the Nd: YAG laser surface hardening better than CO, laser surface hard-
ening because the Nd: YAG laser has short wavelength and produces a high absorb-
ing rate to work material. The Nd: YAG laser produces heat energy to work material
which is transferred through fiber cable whereas CO;, laser is impossible. The inert
gases, helium, neon and argon are used to eliminate the atmospheric contamina-
tion. In order to reduce the wavelength of a laser, an excimer laser is developed with
very short wavelength. This laser can be used to micromachining on medical parts.
In this chapter, laser surface hardening, laser surface melting, laser surface alloying,
laser surface cladding and laser surface texturing have been discussed to improve
the microstructure, hardness and wear resistance of mechanical components.

2. Laser surface hardening (LSH)

The laser surface hardening is defined as the heat energy from the laser beam
which is directly impacted to the finished component surface for improving the
wear resistance. The component life is increases without affecting the bulk mate-
rial. During the hardening process, the surface layer is heated up to hardening
temperature under the short period of time. The quenching is a necessary process
to achieve the hard martensite phase in the heated surface. Thereby, the component
surfaces are hardened by laser and achieve the high wear resistant surface with
desired bulk properties. The components such as gear teeth, gears, shafts, cam-
shafts, axles, cylinder liners, valve guides and exhaust valves showed with higher
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stresses due to laser surface hardening. The type of work materials, cast iron, die
steel and medium-carbon steel are also required the laser surface hardening for
better performance. The mass-production industries, automobile components and
electronic parts are performed the laser hardening on the component surfaces [1].
The desired component performances are mainly depending upon the selection of
laser process parameters such as power, scanning speed, pressure, beam shape and
material properties. Now-a-days, in order to improve the surface quality of com-
ponents, the number of surface treatment are commercially available to obtain the
unique material properties. For example, the I-section rail (railway) is fabricated
by hot rolled processes which have non-uniform properties in the flange and web.
The I-section beam is shown in Figure 1. The flanges have been designed to with-
stand high stress whereas the web designed to withstand the least stress. The flange
thickness is greater than the web thickness and stress developed in the I-section is
within the allowable limit. The point is the different cross section of flange and web
has produced the non-uniform properties. Hence, the laser surface hardening is
required for achieving the uniform properties over the flange and web.

The laser surface transformation hardening process is performed to obtain
the required depth and width for steel material. The accurate parts are made of
medium carbon steels which require the laser surface hardening. The small and
complex components are easily surface hardened by laser. This is because of the
high rate of cooling effects to increase the hardness rate in the quenching process
[2]. Therefore, LSH is a better process compared to flame and induction harden-
ing processes. The quenching process is suddenly reducing the work material
temperature by using water, oil or air to get certain material properties through
the phase transformation. Therefore, a comparative study is made between the
laser quenching and conventional quenching on steel to study the hardness and
wear rate. The conventional quenching and tempering is carried out by using the
temperature of 1198 K for 4.5 h and temperature of 523 K for 4 h respectively.
The air, 10 kW CW diode laser, 3.5 mm spot diameter and 168 mm/s linear speed
are used in the laser treatment. The laser quenched and conventional quenched
sample for 25 pm distance from the surface, the produced hardness is 600 HV,
and 625 HV ; respectively. The laser quenched sample has 0.4 mm®/N-m wear rate
which is lesser than the conventional quenched sample of 0.6 mm®/N-m wear rate
at 500 m sliding distance [3]. The wear and microhardness studies are performed
on 40CrNiMoA steel by using laser quenching and high-frequency quenching.

Flange

Web

Flange

Figure 1.
Schematic of I-section beam used in rail.
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A2 kW CW CO, laser, 1400 W laser power, 35 mm/s traverse speed, 60 degree
incident angle, black organic absorbent coating, 0.9 m’/h gas flow rate and 10 mm
defocusing distance are used in the laser treatment. The hardness of the quenched
groove surface reached 750 HV and is substantially higher than that resulting from
the high-frequency quenching method. The results of wear testing showed that the
wear resistance of laser quenched specimens is 1.3 times higher than that of a high-
frequency quenching specimen [4]. Comparisons were made between the gray
cast iron (GCI), laser hardened quench-tempered GCI and conventional austem-
pered GCI specimens based on the hardness and wear loss. The air, CW Nd: YAG
laser, 2 mm laser spot, 22 mm defocused distance, 2 mm/s scanning speed, 6 Hz
frequency, 120 A current and 8 ms pulse duration is used for laser hardening. The
hardness of the laser hardened zone with ledeburitic structure is approximately 68
HRC. The quenching-tempered GCI specimen showed higher wear resistance than
untreated GCI specimen [5].

The advantage of laser surface hardening is listed below

* The lower level of heat energy is used to work material compared to conven-
tional surface heat treatment.

* The input laser energy is controlled by varying the process parameters such as
power, scanning speed, defocus, different shapes of lenses and mirrors.

* The hardened surface is obtained through self-quenching of the heated surface
layer.

* The work material is made under the hardening and quenching process result-
ing in cleaning of work material is not required.

* The beam guidance is automatically controlled over the work material.

* The surface heat treatment is specifically performed on small parts and
complex parts.

The disadvantage of laser surface hardening is listed below

* High initial capital cost

Skilled operators are needed

* Surface preparations are required in difficult areas.
* Radiation protection is required

* Material hardness and wear

The performance of the components such as hardness and wear resistance of
work materials are mainly focused in the laser surface hardening. This is depending
upon the material type, material properties, and types of processing on materials.
The desired properties of work materials are obtained through proper selection
of laser surface treatment and optimization. In order to improve the durability of
mechanical components namely gears, engine valve, brake drums and camshaft
are highly needed the LSH. The induction hardening is one of the surface harden-
ing process which is shown in Figure 2. It is performed to achieve the uniform
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Coil

High
AC

Figure 2.
Schematic of induction hardening.

microstructure and good wear resistance which is higher implementation cost
compared to laser surface hardening.

In this induction hardening, the depth of hardening is mainly depending upon
the resistivity (p), frequency (v) and magnetic permeability (p). The work material
is placed inside the coil and supplies the high frequency. The surface is hardened by
skin effect.

N M)
Ho

The laser surface hardening can be performed on the components either par-
tially or fully depending upon the application of the components. Specifically, the
load bearing component is subjected to high surface wear. Hence, the laser surface
hardening is required on the load bearing component surface. Therefore, the load
bearing component is hardened by laser, the surface has produced a high harden-
ability and fine microstructure [6]. The service life of crankshaft and camshaft
are made on EN18 steel in which properties are improved by diode laser surface
hardening with beam diameter of 3 mm, velocity of 1 m/min and power of 1.5 kW.
The argon gas is used as shield gas [7]. The advantages of induction hardening are
localized areas heat treated, minimal surface decarburization, surface oxidation,
slight deformation, improved fatigue strength and low operating cost. The disad-
vantages of induction hardening are high capital investment. The advantages of
laser hardening are described as non-hardenable steels are surface hardened, higher
hardness obtained than conventional hardening, eliminating dimensional distor-
tion, no protective atmosphere required and very long and irregular shapes easily
hardened. The disadvantages of laser hardening are high initial and working cost
and difficult to harden the high alloy steel. The schematic diagram of substrate and
laser processed materials are shown in Figure 3(a) and (b). The parent substrate
has coarse and uneven equiaxed grains. The laser processed work material showed
the hardened depth varying from top surface to 200 pm depth. The depth of hard-
ening increases with grain size increases from finer to coarser. The curved surface
is formed at top surface due to the low scanning speed produces more evaporation
in the laser melted surface. The laser process parameters, power of 1.5 kW, beam
diameter of 3 mm, scan speed of 1 m/min and interaction time of 0.18 s are used to
obtain the desired hardness. The Nd: YAG laser and argon gas with flow rate of 20 L/min
is used in the laser surface hardening. The hardness decreases from 955 HV to
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Figure 3.
(a) Schematic of; (a) as received tool steel microstructure, (b) laser surface hardened tool steel with modified
structure.

236 HV which is obtained by varying distance from top to 200-micron depth and it
is shown in Figure 4. This is due to the grain size refinement [8]. The 5 kW CW CO,
laser, power ranging from 1.1-2.5 kW, traverse speed ranging from 6 to 15 mm/s and
spot size of 6.3 mm, 2.27 mm, 4.63 mm and 1.2 mm are used to harden the various
carbon steel. The argon gas is used as shielding gas. The traverse speed has mostly
affecting the hardness. The carbon percentage increases, the average hardness

value also increases. The C-45 steel has produced higher hardness. The hardness of
the material was improved by minimizing the diameter of spot size [9]. Further,
conventional type laser surface treatment is performed on large surface areas and
irregular hardness was observed on the machined component. In order to overcome
irregular hardness, a laser overlapping method is used in the laser transformation
hardening which is presented in Figure 5.

After the laser treatment, the laser hardened zones are divided into three sec-
tions such as hardened zone, transition zone and heat affected zone which is shown
in Figure 6. A study on the effect of process parameters on surface hardness splined
shafts is performed by using laser surface hardening. The fiber laser, power varying
from 1900 to 2500 W, scanning speed varying from 2 to 6 mm/s, rotation speed
varying from 1500 to 2500 rpm, the flank tilt angle of spline tooth varying from
15 to 20 and tooth depth of spline shaft varying from 2.5-3.5 are used in the laser
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Figure 4.
Microhardness variation from top surface to substrate through LSH.

Laser head

Laser scanning track Laser beam

Worlk Material

Figures.
Schematic of laser transformation hardening.

hardening of spline shaft. The result found that the maximum hardness is observed
by using the power of 2500 W, scanning speed of 2 mm/s, rotational speed of

2500 rpm, the flank tilt angle of spline tooth of 20° and tooth depth of spline shaft
of 3.5 mm [10]. An investigation on the underwater hardening of AISI 1055 steel is
carried out using lasers. A 250 W CW Ytterbium based fiber laser, focal length of
300 mm, defocus distance of 10 mm and traverse speed varying from 1 to 100 mm/s
are used in the laser surface hardening. The result found that the higher surface
roughness is obtained in the underwater welding compared to conventional laser
hardening due to the additional cooling effect in the underwater [11].
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Figure 6.
Schematic of different zones of laser transformation hardening.

3. Laser surface melting (LSM)

Laser surface melting is one of the surface alteration processes that the surface
of the substrate is melted and rapidly solidified to form the fine microstructure
and improving the mechanical properties without changing the bulk properties
and without addition of any metallic elements. The piston, valve and sliding parts
are made of magnesium alloys, which are used in the automobile components and
energy saving material. The application and limitation of magnesium alloy is decided
by properties. In order to improve the tribological and mechanical properties, the
laser surface melting process is focused on magnesium alloy. In the conventional
heat treatment of HSS materials are presented the retained austenite, which trans-
forms into brittle martensite during service. But, the life of high-speed tool steel is
increased by using LSM. The schematic view of LSM is shown in Figure 7. The LSM
treatment are carried out using a 2 kW fiber laser with 1.06 pm wavelength, laser
power of 1500 W, the laser scanning speed of 600 mm/min and the distance between
the laser head, spot size of 3 mm, shielding gas pressure of 0.3 MPa and the specimen

Figure 7.
Schematic view of laser surface melting.
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surface of 12 cm are used in the LSM. The microhardness and corrosion resistance of
magnesium alloy is also improved by using LSM with electromagnetic stirring [12].
In order to enhance the microhardness of melted substrate, the LSM process param-
eters effect of hardness of magnesium alloy is studied. The CW CO; laser, beam
diameter of 4 mm, argon gas of 6 1/min, speed varying from 100 to 400 mm/min
and power varying from 1.5-3.0 kW are used in the process. The result showed

that the melt depth of magnesium alloy is directly proportional to the laser power
and inversely proportional to the scan speed. Laser surface melting enhances the
microhardness of the melted zone by 2-3 times than the substrate [13]. The laser
processed hardness of high speed tool steel and magnesium alloy is decreased from
as-received substrate by increasing distance from the melting surface which is shown
in Figure 8. This is due to the refined, solid solution strengthening and uniform
microstructure. The LSM is also performed in electric contact material of Cu-50Cr.
The 1 kW CW Nd: YAG laser, power density varying from 10° to 10’ W/cm?, scan-
ning speed of 6000-10,000 mm/min and argon gas are used in this process. From
the analysis found that the microhardness and withstanding voltage of Cu-50Cr are
significantly improved by using LSM [14]. The effects of LSM process parameters are
affecting the microstructure and hardness of AZ31B magnesium alloy substrate. The
result found that the grain size in the fused layer increases by increasing power. The
schematic diagram of as-received magnesium alloy is shown in Figure 9a. The effects
of different power on microstructure of layer fused layers are shown in Figure 10b-e.
The Nd: YAG laser power varying from 1600 to 2200 W, laser beam scanning velocity
of 900 mm/min, laser beam spot diameter of 4 mm, number of superimposed tracks
of 9, overlap ratio of 15%, and argon flow rate of 25 mL/min are used in the process.
The depth of the metal pool and grain size is increased by increasing the power. This
is due to the grain growing freely in the higher metal pool depth compared to smaller
metal pool depth. The reason for increasing the hardness and wear resistance are
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Figure 8.
Microhardness variation of magnesium alloy.
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Figure 9.

Schematic diagram of (a) As received AZ31B magnesium alloy, microstructure of laser fused layer of (b) laser
melted at 1600 W, (c) laser melted at 1800 W, (d) laser melted at 2000 W,
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Figure 10.
The effect different heat treatment on weight loss of AISI M2 tool steel.
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due to the grain refinement, high dislocation density and dispersive distribution of
- Mgi7Aly, phase in the fused layer [15].

The LSM method produced the higher surface roughness of AZ80 magnesium
alloys compared to MB26 due to the variation in cooling rate. A nanosecond pulsed
fiber laser with the wavelength of 1060 nm is used for the LSM process. The pro-
cess parameters such as pulse duration, repetition rate, and spot size are 220 ns,
500 kHz, and 44 pm, respectively. Alloys are irradiated with a laser power density
of 1.20 x 10’ W/cm? and at a scanning speed of 200 mm/s with 50% beam bath
overlapping. The higher microhardness was observed for MB26 than the AZ80 due
to the higher melting layer thickness [16]. The LSM is also used to study the grain
size, microhardness of hybrid composites. The laser power is varied from 1.8 to
2.0 kW, the laser beam diameter range is 4.72-6.07 mm, standoff distance range is
35-45 mm and a constant scan speed of 400 mm/s is maintained. Argon shielding
gas is used during the laser melting process to prevent the oxidation. The study
found that the LSM treated hybrid metal matrix composite has lower grain size
compared to untreated composites due to rapid solidification after LSM. The LSM
produces the higher hardness of composites compared to untreated composite [17].
The effect of different laser power on microhardness and wear of AISI M2 high
speed steel is studied by using LSM. The Nd: YAG laser, stand of distance varying
from 1 to 2 cm, power varying from 600 to 1800 W, argon gas of 0.5 bar, laser spot
varying from 2 to 4 mm and speed varying from 50 to 100 cm/min are used in
this process. The results found that the maximum hardened depth of 0.85 mm is
achieved by using power of 1400 W. The wear resistance of tool steel is nearly equal
to conventionally hardened work material and it is shown in Figure 10. The reason
for LSM produces high wear resistance and high hardened surface is due to the fine
dendrites with dissolved carbides [18]. The LSM is also used to improve the hard-
ness and wear resistance of Hastelloy C-276. The CW CO, laser with the parameters
of 2 mm beam diameter, 0.6 MPa argon pressure, power varying from 1.25-1.75 kW,
speed of 300 mm/min and interaction time of 400 ms are used in the work. The
result found that the maximum hardness of 447 HV is achieved by using the power
of 1.5 kW and scanning speed of 300 mm/min. The hardness is improved by 1.8
times compared to parent metal. The wear resistance of hastelloy is high in the
sample laser treated at 1.5 kW of power and 300 mm/min speed and it is shown in
Figure 11. This is due to the significant effect of grain refinement on hardness [19].
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Figure 11.
The effect of LSM on wear resistance of Hastelloy C-276.
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The laser surface melting is carried out on nodular cast iron (NCI) [20]. The
laser parameters, power of 1.5 kW, scan speed of 600 mm/min, overlapping of
30% and defocus of 15 mm and argon gas are used to melt the NCI surface. The
microstructure of as received nodular cast iron showed with more ferrite and
less pearlite as shown in Figure 12a. The y-phase dendrites and an interdendritic
carbide structure were observed in the laser treated region and it is shown in
Figure 12b. The reason for forming dendrite in the laser treated region is due to the
rapid heating and solidification. The needle shape interdendritic structure of Fe;C
and M-phase is also observed due to the higher cooling rate. The convection is also
the reason for forming of homogeneous dendritic. The small diameter of nodules is
also observed in the bottom layer with partial dissolution of nodular graphite due to
the heat treatment and self-quenching. The uneven martensite and dendrite phases
are observed in the intermediate layer due to the rapid re-solidification of the melt
pool. Finally, fine martensite is observed in the bottom region. Moreover, no cracks
and no voids are observed in the processed depth.

The worn out surface of as received and laser melted surface is shown in
Figure 13a and b. The LSM specimen wear track showed with smooth, minor
grooves and delamination. The wear depth and pile-up of laser processed
specimens are lesser than untreated specimens. The laser treated surfaces have

NITT WD1l.Omm x500  100um

Figure 12.
Microstructure of; (a) as-received nodular cast iron, and (b) laser surface melted nodular cast iron.
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Figure 13.
Worn out surface of; (a) base metal, (b) laser melted specimen.
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fine grooves resulting in improving the wear resistance of specimens due to the
microstructure changes. The root causes for improving the wear resistance of
laser processed materials are fine M-phase and retained y-phase with Fe;C phase.
The length of depth of hardness is increased by increasing the melted depth. The
reasons are due to the precipitation hardening, residual stress by refinement of
grains through rapid re-solidification. The cooling rate and thermal gradient also
support the refinement of grains resulting in increased the hardness of the laser
treated zone. Compared to hardness of substrate material, the laser processed
depth has four time higher hardness due to the uniform grain structure. The par-
tially melted zone shows the higher hardness due to the graphite nodules and fine
ledeburite microstructure with the graphite interface. The wear loss is calculated
for both the laser processed sample and untreated sample. The laser processed
samples showed less wear than substrate.

4. Laser surface alloying (LSA)

Laser surface alloying is a material processing technique that utilizes the focused
laser sources and produces the high power density to melt the metal coating and
a portion of the underlying substrate. The schematic view of laser surface alloy-
ing is shown in Figure 14. The schematic diagram of shape and dimensions of
laser surface alloyed zone is shown in Figure 15. Here, W = width, T = thickness,
B = build-up and D = melted depth. Aluminum alloys are widely used in automobile
and aerospace applications due to the availability and low cost, ductility, good
strength-to-weight ratio and lightweight. These alloys have low hardness and poor
tribological properties which leads to wear problem. Hence, the additional protec-
tion is required to enhance the wear resistance properties to localized areas. So, LSA
can be used to improve the surface properties of aluminum alloys, titanium alloys,
magnesium alloys, copper alloys and nickel-copper alloys. The laser alloyed com-
ponent properties are depending upon the selection of alloy material, composition
and elemental surface distribution. These factors are affecting the microstructural
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Figure 14.
Schematic view of laser surface alloying.
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Figure 15.
Schematic diagram of shape and dimensions of laser surface alloyed zone.

development in the alloyed surface. The ceramic alloys, carbide, oxide and boride
(SiC, WC, TiO,, TiB; and TiC) are widely used as the coating material on aluminum
alloys due to the low density, high hardness, good wear, high melting temperature
and corrosion resistance. The hybrid ceramics, a component coating on aluminum
produces better wear resistance than the single ceramics component coating.
Titanium is added to the carbon resulting in forming TiC to improve the surface
properties and by the same to prevent the formation of AL,C; carbides. A study on
FeCoCrAICuNi, high entropy alloy coating on pure copper is carried out using LSA
to evaluate the microhardness and wear. The laser power 1.7 kW, laser spot diameter
1.2 mm, scanning speed 2.0-3.0 mm/s, argon as shielding gas and flow rate 12 L/
min are used in this process.

Figure 16a shows the microstructure of HEA FeCoCrAlCuNi,. The HEA coating
have high density, little holes and adequate metallurgical bonds to substrate. It is
noticed that the dilution ratio of the tested HEA coating is higher than 20%. Typical
dendrite and interdendrite structures are clearly observed in Ni05 and Nil0 HEAs
(Figure 16b and c), while only one phase was observed for Ni15 HEA (Figure 16d).
Compared to hardness of copper, coated copper produces higher hardness and it is
shown in Figure 17 [21]. The effect of addition of Ni-Cr-Si-B alloy to brass substrate
was studied through LSA. The 2 kW CW Nd-YAG laser with a spot diameter of
3 mm, the laser power density varied between 141 and 212 W/mm, while the scan-
ning speed is kept constant at 5 mm/s. Argon with a flow rate of 15 1/min is used as
the shielding gas to prevent the oxidation. Laser surfacing is achieved by overlapping
of adjacent tracks, with an overlapping ratio of 50%.The hardness of the modified
layers increased slightly from the surface to a maximum and sharply fell to the value
of the substrate at the interface between the treated layer and the substrate. The
increases in hardness observed for the modified layer is attributed to the formation
of hard borides [22]. The effects of addition of SiC and TiO, to aluminum alloy are
studied by continuous mode CO;, laser. The CO, laser with the parameters of 1.7 kW,
scan speed of 400 mm/min, standoff distance of 40 mm and laser beam diameter
of 74 mm are used for SiC alloying. The CO, laser with the parameters of 1.8 kW,
scan speed of 300 mm/min, standoff distance of 30 mm and laser beam diameter of
5.8 mm are used for TiO, alloying. The result found that the ceramic nature of SiC
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Figure 16.

Microstructure images of (a) FeCoCrAlCuNix HEA coatings on cross sectional view, (b) high magnifications
image of Nios HEA (c), Nizo HEA (d) and Ni15 HEA.
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Figure 17.
Microhardness of FeCoCrAlCuNi, HEA coatings.

and TiO, improved microhardness of alloyed zone from 30 HV 5 substrate material
to 180 HV03 with SiC and 220 HV03 with T102 [23] .

A study on the effect of addition of WC + Co + NiCr to AISI 304 stainless steel
through Nd: YAG laser. The 5 kW Nd: YAG with beam diameter of 4 mm, power
varying from 1 to 3 kW, scan speed from 0.005-0.1 m/s and argon gas of 5 L/min are
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used in the alloying process. The experimental result found that the LSA has been
performed to form a defect free and uniform alloy zone. Compared to hardness of
substrate, laser alloying produces the higher hardness due to the grain refinement [24].
The laser surface alloying is carried out on nodular cast iron by adding
Ni-20%(Cr alloy [20]. The laser parameters, power of 1.5 kW, scan speed of
600 mm/min, overlapping of 30% and defocus of 15 mm and argon gas are used to
alloying the NCI surface. The microstructure of the laser alloyed specimen, worn
out surface of substrate and laser alloyed specimen is shown in Figure 18a—c respec-
tively. The ledeburite and pre-eutectic austenite are observed in the LSA surface. In
addition, y-phase (austenite) to M-phase (martensite) is transformation observed.
The laser alloyed surface has produced the defect free and fine microstructure.
The y-phase has a higher percentage of Ni than cementite, whereas the Fe3C phase
has Cr more and Ni less element. Hence, the presence of Fe3C on the laser-alloyed
surface is rich in Cr and the y-phase was supported through the solid solution of
both alloy powders of Ni and Cr. The rapid solidification is the reason for obtaining
the fine microstructure in the laser alloyed surface. The laser processed worn out
surfaces have severe plastic deformation, wear track, delamination, grooves and
adhesive particles. The NiCr alloying is also observed by using the LSA. The length
of depth of hardness is increased by increasing the melted depth. The reasons are
due to the refinement of grains through rapid re-solidification. The rate of cool-
ing rate and thermal gradient also support the refinement of grains resulting in
increased the hardness of the laser treated zone. Compared to hardness of substrate
material, the laser processed depth has 2.62 time higher hardness due to the uniform
grain structure. The wear loss is calculated for laser processed sample and untreated

SEM HV: 8.0 kV WD
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Figure 18.
Microstructure of LSA specimen (a), worn out surface of substrate (b), and worn out substrate of LSA (c).
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sample. The laser processed samples are produced lesser wear rate than substrate
due to the improved hardness.

5. Laser cladding (LC)

Laser cladding is similar to arc welding. The laser is used to melt the clad material
coated on the substrate. The powder, wire and strip form of clad materials are com-
mercially available to perform by different laser processes. The major benefits of LC
have low porosity, good surface uniformity and low dilution. The clad materials have
rapid quench and cooling down after deposition resulted in a fine grained micro-
structure. The laser is used to deposit clad material on substrate through the interac-
tion of powder with laser. The substrate permits the melt pool to solidify and form the
solid track. The schematic of laser cladding process is shown in Figure 19. Compared
to other different surface processing used to enhance the wear and corrosion resis-
tance of substrate, LC is an attractive alternative method. This is due to the intrinsic
properties of laser radiation. The LC benefits are high input energy, low distortion,
and minimum dilutions observed between the substrate, processing flexibility and
cladding on small areas. The LC can be used in surface alloys and composites in order
to achieve the required properties. The LC produces desired properties are obtained
by varying the process parameters such as laser beam power density, laser beam
diameter at the workpiece surface and laser beam travel speed.

The laser solution strengthening, laser surface alloying and laser cladding have
highly correlation to corrosion and erosion resistance. The laser solution strength-
ening and laser surface alloying are used to improve the erosion and corrosion
resistance of old components without changing their sizes whereas laser cladding
is used to repair wasted components by restoring their size. The high entropy alloy
of CoCrFeNiNb is coated to a pure titanium sheet by using laser cladding to study
the hardness of the material. The laser cladding parameters such as power of 100 W,
scanning speed of 8 mm/s, defocusing amount of +2 mm, pulse duration of 5 ms,
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Figure 19.
Schematic of laser cladding process.
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frequency of 20 Hz, beam diameter of 1 mm power density of 127.4 W/mm?® and
linear energy density of 12.5 J/mm are used in this process. The result found that the
CoCrFeNiNbx HEA coated on titanium sheet produces higher hardness compared
to the pure titanium. The Nb coating produces significant improvement in hard-
ness compared to pure titanium due to the consisted phase of BCC solid solution
with equiaxed bulk grain morphology and Cr,Ti Laves phase [25]. A comparison is
performed between the thermal spray coating and laser cladding performance on
steel. The laser cladding conditions, power of 780 W, cladding speed of 4.3 mm/s,
powder feed rate of 6 g/min and argon gas are used. The thermal spray conditions,
distance of 200 mm, acetylene (0.7 bar) and oxygen (4 bar) gas are used. The Metco
15E powder is used in both the processes. The result found that the cladded layer
produced the high hardness, crack free, and good adherence to substrate whereas
flame coating produces high porosity, minimum dilution and oxides inclusions [26].
The Inconel 625 coating performance on steel is evaluated by arc welding and laser
cladding based on the microstructure, wear resistance and hardness. The parame-
ters, power of 1200 W, scan speed of 2 mm/s, powder feed rate of 5 g/min, shielding
gas flow rate of 5 L/min and powder feeding gas flow rate of 8 L/min are used. The
result found that the arc welded and laser cladded Inconel 625 coatings have Ni (fcc)
solid solution phase, and fine microstructure. The arc welded coating to Inconel 625
is produced slightly lower hardness compared to laser cladding coating. This is due
to the microstructure developed in the arc welding. The laser cladded Inconel 625
coating is preferred due to its better mechanical performance such as hardness and
wear resistance at both room and elevated temperature [27]. The 316 stainless steel
powders coated on EN3 mild steel is to evaluate clad geometry and distribution of
elements by laser cladding. The 2 kW continuous wave CO, with laser power 1.8 kW,
beam spot diameter 2-5 mm, powder feed rate 0.160-0.220 g/s, substrate traverse
speed 7-40 mm/s are used. The stainless steel powder coating provides the sound
coating and no porosity [28]. The Fe-Cr-Si-B alloy powder coating is performed on
low carbon steel using laser cladding to evaluate the microstructure, hardness, wear
resistance and corrosion resistance. The result identified that the Fe-Cr-Si-B alloy
powder coating provides higher wear resistance, high hardness and high corrosion
resistance compared to substrate [29]. The CPM 15V, CPM 10 V, CPM 9 V, D2 and
M4 coatings are provided on AISI 1070 carbon steel by laser cladding. The laser clad-
ding conditions, power varying from 2.5-2.75 W, laser beam diameter varying from
2 mm, substrate traverse speed varying from 7.6-8.6 mm/s, powder feed rate varying
from 20 to 9 g/min and overlap varying from 30 to 50% are used in the process.

The abrasive wear resistance of the laser-clad CPM 15 V and CPM 10 V coatings is
superior performance than D2 steel, whereas the wear resistance of the CPM 9 V
and M4 coatings is inferior to that of the D2 [30].

Figure 20a shows the microstructure of Colmonoy 6 cladding on Inconel 625
[31]. The laser cladding parameters are 400 mm/min speed, feed rate of 4 g/min,
power of 1000 W, argon pressure of 1 bar with flow rate of 25 lpm and 150 degrees
preheating used in this process. The clad surfaces have no defects, uniform dendrite
eutectic phases observed. There are two regions represented in the cladded surface
such as darker region for boride content and lighter region for y-nickel. The high
quantity of intermetallic lave phase is observed in the cladded surface. Figure 20b
shows the worn out surface of substrate Inconel 625. Compared to wear intensity of
sample, laser cladded surfaces have lesser wear. The plow marks are also observed
in the worn out surface substrate due to the less wear resistance and high plastic
deformation. The higher material removal rate of the sample is observed than
the cladded surface. Figure 20c shows the laser cladded worn out surface. The
few debris particles, few depth of wear track and few grooves are observed in the
cladded surface. This is due to the high hardness of the clad layer. Therefore, better
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Figure 20.
Microstructure of Colmonoy 6 clad (a), worn out surface of substvate (b) and worn out surface of laser
cladding (c).

protection is provided by the clad layer over the untreated surface. The more hard-
ness is observed in the clad surface than the base metal. The reasons for increasing
the hardness of clad surface is due to the defect free cladding, proper fusion and
laves phase presented. The reason for decreasing the hardness of base material is
due to weak intermetallic phases.

The coefficient of friction (CoF) and wear behavior of coated and substrate
found that the CoF is increased with increased sliding distance due to the reduced
adhesion resistance and increasing heat between points of contact. The more CoF
is observed in the substrate sample than clad sample due to the adhesion effect. The
less CoF is observed in the clad sample due to the hard laves phases. It is found that
low mass loss is observed in the clad sample compared to base material. The wear
loss is highly related to the hardness and base material produces poor wear resis-
tance when compared to clad surface.

6. Laser texturing

Laser texturing is a process that alters a material surface property by modifying
its texture and roughness. The laser beam creates micro patterns on the surface
through laser ablation, removing layers with micrometer precision and perfect
repeatability. Typical patterns include dimples, grooves, and free forms. Laser
surface texturing can be used to improve properties like adherence, wettability,
electrical and thermal conductivity, and friction. For example, the method can
increase surface adherence before applying common coatings like adhesives, paint
or ceramic. Laser texturing can also be used to prepare surfaces for thermal spray
coating and laser cladding as well as to improve the performance of mechanical
seals. Surface treatments like abrasive blasting and chemical etching processes need
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Figure 21.
Schematic of laser texturing process.
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Figure 22.
Schematic of laser surface texture dimensions: (a) circle, (b) oval.

consumables like steel grits and acid to texture surfaces. Unlike those treatments,
the laser texturing process functions without consumables. This results in low oper-
ating costs, low maintenance, and improved health and safety in the workplace.
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Operators will not need to handle chemicals, wear protective equipment, and stop
operations to replace consumables. Laser texturing uses laser ablation to selectively
remove materials from specific surface areas. By adjusting the laser’s parameters,
the surface is removed as well as creates different patterns. This typically increases
roughness, creating surface textures that can easily lodge adhesives and provide
additional anchoring surface. To reach the material’s ablation threshold, pulsed
lasers concentrate energy to reach a high peak power. Typically, the pulse duration
is 100 nanoseconds, and each pulse contains between 0.5 and 1 millijoules. The time
required to texture a surface depends on the material, the desired roughness level,
and the laser system’s output power. The application of laser texturing is in adhesive
bonding, mechanical seals, painting and coatings. The laser texturing process is
shown in Figure 21. The circle and oval shape dimple texturing on metal can be
made using a laser and the schematic diagram is shown in Figure 22a-b. Where,

a = pitch, b = diameter, and c = height.

7. Conclusion

The new materials have been developed every day to meet the demand of
competitive situations. The surface properties of substrate can be improved by a
number of methods such as laser surface alterations such as surface hardening,
melting, alloying, cladding and texturing in order to improve the mechanical
performance and tribological behavior. In this work, the effect of laser process
parameters on microstructure, hardness and wear rate of materials have been
presented. The laser surface hardening is needed to high stressed components
namely gear teeth, gears, shafts, camshafts, axles, cylinder liners and exhaust
valves. The laser surface melting can be adopted in biomedical alloys, sport cars
and power plants made of stainless steel, magnesium alloy and superalloys. The
locomotive, aerospace and structural components made of aluminum alloys,
titanium alloys and magnesium alloys have required the laser surface alloying
to improve the surface properties of metals. The repaired and refurbishment
components such as internal combustion engine parts, gas turbine, turbine blades
and tools are highly needed the laser surface cladding to improve the surface
properties of metals. The texturing on material is used to increase the tribological
characteristics of materials resulting in improved surface roughness, wettability,
improve load capacity, wear rates, lubricating lifetime and reduce friction coef-
ficient. Hence, the laser based surface modification techniques can be adopted to
improve the performance of the components.
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Chapter 5
Laser Machining

Natavajan Jeyaprakash, Che-Hua Yang
and Manickam Bhuvanesh Kumar

Abstract

The increasing demands of materials with superior properties are given priority
by most of the industries in recent years due to their higher performance levels.
Machining of hard materials is a challenging task since it involves higher cutting
forces and rapid tool wear. This leads to complexity in shaping these difficult-to
machine materials such as advanced composite and ceramics. There have been many
alternative techniques developed to overcome the shortcomings of conventional
machining processes. Laser beam machining (LBM) is one of the advanced non-
contact machining processes that employ monochromatic light with high frequency
for machining using thermal energy. The highly energized photos are focused on a
material cause heating, melting and vaporizes the material which is effectively used
to remove unwanted portion of a material. Due to higher coherency of laser beam,
materials can be machined very precisely than conventional machining processes.
Generally, the laser-based material processing is suitable for a brittle type of mate-
rial with minimum conductivity. However, this laser machining can be used for all
kinds of materials in most cases. This chapter provides the principle of laser and its
types, mechanism of material removal using laser, applications, advantages, and
limitations of LBM.

Keywords: laser, monochromatic, machining, laser ablation, stimulated emission

1. Introduction

The growing product development for advanced applications such as aerospace,
automobiles, electronics and medical devices requires materials with high strength-
to-weight ratio. Advanced materials with superior properties are being developed
by researchers around the world for meeting the growing demand. The materials
such as nickel, titanium and their alloys, ceramics are known not only for high
strength-to-weight ratio but also for higher level of corrosion resistance, prolong-
ing capacity at higher temperatures with superior mechanical strength comparing
to other engineering materials [1]. These materials have greater properties such
as higher density and melting point, ductile, higher hardness and strength, hence
conventionally machining these materials is very challenging. Despite, it can be
machined using conventional techniques, but higher cutting forces and rigorous
tool wear attributes to huge cost in shaping these materials to the requirement.
Hence there were many unconventional machining processes (UMPs) developed to
replace conventional machining processes. One of the UMPs is laser beam machin-
ing (LBM) which is extensively used machining those difficult-to-machine materi-
als. LBM is considered suitable for machining hard materials LBM is characterized
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by independency to hardness property of work material. LBM is gaining attention
among the researchers and industry people because of its advantages such as higher
light intensity with low power requirement, good focusing property within short
duration of pulse, uniform heat distribution, eco-friendly nature which results

in accuracy in machining, narrow heat affected zone, increased productivity and
reduced manufacturing cost [2]. The upcoming sections describes in detail about
the principle of laser and its types, mechanism of laser machining, advantages,
applications and limitations of using LBM.

2. Principle of laser

The principle of Light amplification by stimulated emission of radiation
(LASER) was first hypothesized by Albert Einstein in the year of 1917 but it took
almost half a century to construct a working laser. Around 1960, a first experi-
mental setup of working industrial laser is developed. In many cases, the laser is
different from the normal light in a way that it carries photons of higher frequen-
cies. However, in some cases, the infrared laser has photons with low frequency
than normal light. The frequencies of all the photons contained in a laser light are
all same hence laser is characterized by coherence. The photons carried by a light
can stimulate the electrons in an atom therefore it emits same frequency photons
[3]. Based on this principle, laser produces high energy coherent light. Since laser
is the fundamental part of any laser-based system, it is essential to understand the
principle of laser light production.

Stimulation and amplification is the process (called as lasing) by which laser
system converts electrical energy into a light of high intensity energy. The medium
by which the lasing process carried out is called lasing medium. In any model of
an atom, positively charged nucleus is surrounded by negatively charged electrons
rotating at some specified path called orbits. The diameter and geometry of the
orbit vary based on many parameters including number of electrons, surrounded
magnetic field, structure of electrons and the existence of neighbor atoms. Every
electron presents in the orbital connected with a distinctive energy level. An atom
is said to be at ground level when it is at absolute zero temperature in which all the
electrons reside in their lowest potential energy. Energy from any exciting sources
such as electronic pulsation at higher temperature, chemical reaction or photon can
be absorbed by an electron at ground level. After absorbing the energy, it excites
to a higher energy level as schematically shown in Figure 1. Thus the movement of
electron from lower to higher energy level is accomplished. Upon reaching higher
energy levels, electron attains an unstable energy band. Immediately within very
short time (tens of nanosecond) it starts moving back to ground state by releasing

energy level - P

® =

spontaneous "\ hv E
absorption emission 2
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h 4 Eo
PHOTON -7 energy level - Q
Figure 1.

Excitation between energy levels.
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a photon and this process is termed as “spontaneous emission.” The frequency of
emitted photon would be equal to the frequency of exciting photon.

Sometime, when the electrons put into a meta-stable band due to energy change,
the electron stays in the higher energy level itself for a short time (micro to milli-
seconds). The state by which more number of electrons stays in meta-stable energy
level compared to the atoms in the ground level of a material is called “population
inversion.” These electrons are stimulated by suitable energy or frequency photons
to come back to ground state. Photons emission due to this stimulated return of
electrons is termed as “stimulated emission.” In this way, the emitted photons along
with one original photon temporarily having some spatial phase would create
coherent laser beam. From the schematic representation of stimulated absorption,
spontaneous emission, and stimulated emission as shown in Figure 2, position of
electrons in various energy levels are shown.
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The working of laser is schematically represented in Figure 3. A lasing medium
contained by a cylindrical glass container is closed using completely (100%) reflect-
ing mirror on one end and partially reflecting mirror on the other end. When the
glass vessel is exposed to a light using flash lamps, the photons of light excites the
atoms of lasing medium thus population inversion is obtained. Further due to
stimulated emission, photons are emitted. These stimulated photons in the longi-
tudinal direction form a high intense, coherent and highly directional laser beam.
Most of the stimulated photons would not be in the longitudinal direction and these
photons usually generate waste heat and finally lost.

3. Properties of laser

The distinctive properties of laser are coherence, highly monochromatic,
intensive radiance and directionality. These optical properties can be quantified for
analyzing the laser properties.

3.1 Coherence

The relationship between magnetic and electronic components of electromag-
netic wave refers to coherence property. The light beam is said to be coherent when
these components are properly aligned as shown in Figure 4. There are two terms of
coherence for a laser as spatial coherence and temporal coherence. Coherence is said
to be spatial when the correlation of phases happens at different points in a space
at a single point of time whereas in temporal coherence, correlation happens at
single point in a space over a time period. Figure 5 shows the concept of coherence.
Temporal coherence can be quantified through two important measures such as
coherence length and time. This property can be improved by run the laser in single
longitudinal and transverse mode.

3.2 Monochromatic

It is the most important property of laser and it can be measured by spectral
line width. When the range of emitted frequencies is small by a light source, it
is said to be high monochromatic. Laser beam normally have very few or single
spectral lines with highly narrow widths as shown in Figure 6. Monochromaticity
is most important because wide range of applications depends on this property
such as interferometry, velocimetry, holography, separation of isotope and com-
munications which require laser beam content. But this property is a not decisive
factor for machining.

Magnetic component

Electric component

Figure 4.
Components of electromagnetic wave.
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3.3 Low-diffraction or collimation

Directionality is a property by which a light beam bends after passing sharp cor-
ners of objects. Diffraction or scattering of light at sharp edges increase the distance
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Schematic of spatially and temporally (a) coherent light and (b) incoherent light.
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from light source therefore certain amount of energy is lost. But laser beams possess
very low-diffraction property hence higher energy transfer can be effectively
achieved. This directional characteristic is useful when directing the laser beam for
machining applications.

3.4 Intensive radiance

The intensive radiance of a light is defined as the amount of power emitted per
unit area for a given solid angle. The unit for radiance is watts per square meter per
steradian. The angle by which a light beam is focused as a cone is called a solid angle.
Since the intensity of photons is high in laser beam, it can have high output powers.
Laser light source possess extreme amount of intensive radiance and transmitted
through a small solid edge angle. This property makes it very convenient to be
used for machining operations. Figure 7 gives the comparison of power density
transmitted by normal light source and a laser [3].

4. Types of laser

Lasers are classified based on the state of lasing medium used and the temporal
mode. Based on the physical nature lasers are classified into solid-state lasers, gas
lasers, semiconductor, and liquid dye lasers [4]. Based on temporal mode, further
laser is categorized into two modes namely continuous wave (CW) and pulsed
mode. Continuous mode emits the laser beam continuously without interruption
whereas pulsed mode emits the laser beam periodically. Tables 1 and 2 shows the
important laser types along with their wavelengths.

In solid-state layers, the lasing medium is doped with very small number of
impurity ions. Maimam has developed the first solid-state laser during 1960 which
was a ruby laser. There are a number of laser types developed in the solid-state
category in which Nd:YAG is majorly used for LBM applications. Solid-state lasers
such as Nd:YAG, ruby and Nd-glass are highly used for machining metallic materi-
als. Nd:YAG lasers can also be used to ceramic materials. Gas lasers are grouped

Solid-sate lasers. Gaslasers
Lasing medium Wavelength (nm) Lasing medium Wavelength (nm)
Ruby 694 ArF 191
Alexandrite 700-820 KrF 249
Ti-sapphire 700-1100 XeCl 308
Nd-YLF 1047 XeF 351
Nd:YAG 1064 Argon 488, 514.5
Nd:glass 1062 Krypton 520-676
Er-YAG 2940 HeCd 4415, 325
— — Copper vapor 510.6, 578.2
Gold vapor 628
HeNe 632.8
CO, 10,600

Table 1.
Solid-sate and gas lasers with their wavelengths.
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Semiconductor lasers Liquid dye lasers
Lasing medium Wavelength (nm) Lasing medium Wavelength (nm)
AlGaInP 630-680 Stilbene 403-428
AlGaAs 780-880 Coumarin 102 460-515
InGaAs 980 Rhodamine 6G 570-640
InGaAsP 1150-1650 — —

Table 2.
Semiconductor and liquid dye lasers with their wavelengths.

into three categories based on the composition such as neutral atom, ion, and
molecular. Gas lasers generally can be of CW or pulsed mode lasers and available
with axial flow, transverse flow and folded axial flow in construction. CO;, laser is
the most commonly used gas laser for machining plastics, ceramics, nonmetals and
sometimes organic materials also.

Semiconductor lasers, though made of solid materials the working principle are
different from solid-state lasers. It is based on radiative recombination of charge
carriers. Unique characteristic of a semiconductor laser is that they are capable of
producing wide beam divergence angles around 40°. Comparing to other types of
lasers, liquid-state lasers are easier to fabricate. Main advantages of liquid-state
lasers are ease cooling and replenishment in laser cavities. Spectral properties of
liquid organic molecules enable liquid dye lasers to get tuned within wide range of
wavelengths from 200 nm to 1000 nm. The detailed working principles of these
lasers are beyond the scope of this chapter and can be found in any standards texts.

5. Material removal using laser
5.1 Construction of LBM

Laser beam machining is a nonconventional, advanced machining process
wherein there are essential parts required to construct a complete LBM setup. A
pumping medium or lasing medium that contains large quantity of atoms is a pri-
mary component to produce laser light. For exciting the atoms in lasing medium, a
flash lamp or flash tube is needed and it should be connected to the controlled high
voltage power supply. Based on the type of operating mode (either pulsed mode or
CW) a capacitor can be integrated to the power circuit. A typical solid-state LBM
setup is schematically shown in Figure 8.

5.2 Mechanism of material removal in LBM

Laser based machining processes is identified as a material removal technique
in industrial application. Materials removal is accomplished by the interaction
between the laser beam and work material. It is severely a localized thermal process.
Higher amount of light energy is received by base material and then higher heat
is created between the locality of interaction while hitting the laser source on the
base material. Due to highly elevated temperature at the beam spot, the material
becomes soft, melt, burn and vaporized. Additionally, the interaction of laser
beams and work material is associated with the material removal by photochemical
process which is often called photo ablation. Figure 9 schematically represents the
effects of laser beam-work material interaction [5].

93



Practical Applications of Laser Ablation

Fully (100%)

flecting mi d
reflecting mirror en
8 l i L l Power supply
Flash lamp ——— l l L J, T
= T T T e~ Capacitor
. . > 1111 -
Partially reflecting «———  Lasmg medium
mitror end ”
Laser beam 5
___><—— Focusing lens
‘Work material — A/
Figure 8.
Laser beam machining setup.
(a) Laser Beam () Laser Beam (¢ Laser Beam

il ||l 1)

S /}/ 7 \\\WY o
‘<\ % > :/\’\1 '
S~ S~ *
Conduction of heat
(d) T.aser Bearn (©) Laser Beam
N
——

Figure 9.
Laser beam-work material interactions: (a) heating, (b) melting of surface, (c) vaporization of surface,
(d) formation of plasma, and (e) ablation.

The parameters of LBM such as intensity of laser light, distribution of beam,
spot size, scanning speed, and relative motion between laser beam and work piece
can be changed according to the requirements for different work materials. As
presented in the introduction section, lasers are replacing conventional machining
processes due to many advantages. Many developments have been made in the laser
technology to shorten the pulse time for different machining processes. Longer
pulse duration increases the heat affected zone (HAZ) and leaves high thermal
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Figure 10.
Difference between the effects of (a) long-pulsed and (b) short-pulsed lasers.

stresses resulting in crack and void formation, and surface debris. Short pulse dura-
tion leads to lesser thermal conduction thus resulting in precise machining opera-
tion and good surface finish. Figure 10 shows the difference between the effects of
long and short pulse durations [6].

5.3 Types of LBM techniques

Machining using laser is generally categorized into three types namely one-
dimensional, two-dimensional and three-dimensional machining processes. In one
dimensional machining process, the laser beam will have no relative motion with
the work piece material. In this relatively stationary arrangement, the erosion front
is located at the work piece and focused laser beam removes the material in the path
it propagates through which is a straight line. Hence one-dimensional LBM process
is generally used for drilling applications. In contrast, the work piece also will move
along with laser source in two-dimensional LBM process. The erosion front placed
on the beam edge and the material removal happens in a two-dimensional plane
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Schematic of (a) one-dimensional (drilling), (b) two-dimensional (cutting), and (c) three-dimensional
(milling) machining operations.
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resulting in a creation of two-dimensional surface as shown in Figure 11. Two-
dimensional LBM is most suitable for cutting operations. Three-dimensional LBM
uses two or more sources of laser beams. Each laser beam forms two-dimensional
surfaces according to their relative motion with the work piece. When the surfaces
formed by each laser beams intersects a three-dimensional space is created that
defines the shape of material to be removed. Three-dimensional LBM process is
generally used for milling process. For better understanding of different types of
LBM processes a schematic representation is given in Figure 11 [7].

6. Applications

In general, the use of lasers found in many applications includes chemical,
biochemical, optics, medical, military operations, polymer sciences, nuclear
physics [8-12] and so on. In manufacturing, lasers are successfully applied for
material removal, metal joining, cladding and alloying processes. Specifically, this
chapter discusses the material removal applications of lasers. Drilling, grooving,
cutting, three-dimensional machining operations such as lathe and milling opera-
tions, micro machining and laser assisted machining processes are the extended
applications of lasers in LBM [3].

6.1 Drilling using LBM

One of the major advantages in drilling using lasers compared to conventional
machining process is the aspect ratio (max 1:20) and small size of the hole drilled.
Both continuous and pulse laser are used for drilling operations in which pulsed
laser gives lesser plasma generation. The types of drilling operations that can be
performed using LBM are single-pulsed drilling, percussion drilling, trepanning
and helical drilling. When laser beam is focused into the material, the temperature
is created by absorbing the photons. The material melts and vaporizes when the
temperature exceeds the melting temperature of the material. If the radiation of
laser is set lesser than particular threshold (106 W/cm? for steels), the material
melts but not vaporizes and using a jet of gas the molten material is ejected [13].
The single pulse drilling process makes either through or blind holes with less than
1:15 aspect ratio. This is a rapid drilling process mainly suitable where produc-
tion rate is more important than quality. Single pulse drilling is mostly adapted in
automotive industry for processing connecting rods and filters. Percussion drilling
uses pulsed-lasers’ focus on the same spot to produce a hole while maintaining a
balance between throughput and quality. Due to major advantages like its precision
and quick processing capability, percussion drilling is adapted in making holes in
the blades of turbine-airfoil. Though it has major advantages, there are drawbacks
reported such as dross, spatter, and tapering.

Trepanning technique is another hole making technique where the material
removal is performed on the circumference of any circle to make holes of higher
diameters. It is considered to be a standard technique for making holes around 500
micrometers diameter. The nanosecond pulsed laser source is utilized for material
removal around the circumference hence the drawbacks of percussion drilling
remains in this application also. Trepanning technique reduces the taper effect and
produces more jagged edge quality. To overcome the drawbacks of trepanning a
relatively new technique called helical drilling is introduced. Helical drilling follows
multitude ablation steps. The advantages of helical drilling over trepanning using
percussion drilling are improved circularity of drilled holes, minimized loads on
opposite walls and more importantly reduced recast layers or sometimes completely
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Schematic of laser drilling.

avoided. Helical drilling is more preferred in the case of laser beam diameter is very
near to helical diameter at focus point. Energy balance is important in laser drilling
among the energy released by laser beam, energy absorbed by material, energy lost
to the surrounding and the energy utilized for melting (phase changing) the mate-

rial as shown in Figure 12.

6.2 Cutting using LBM

Cutting is an essential operation in any material removal processes. A relative
motion between work piece and the laser beam is required to produce a two-
dimensional working plane where the material removal takes place. During relative
motion of laser beam and work piece, a kerf is produced which removes the mate-
rial in its path. Complex two-dimensional shapes can be cut from the flat work piece
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Figure 13.
LBM for cutting operation.
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Three-dimensional LBM for (a) lathe operation and (b) milling operation.

materials where mechanism of material removal is similar to drilling operation.

In contrast to the drilling process, the erosion front is located at the front of line
of laser beam as shown in Figure 13. However, the temperature field and erosion
front is fixed based on the coordinate moves along with produced laser source that
ensures steady state process. The erosion front molten material is flushed away
using a gas jet during the cutting process.

6.3 Three-dimensional LBM

Three-dimensional LBM uses two or more number of laser beams simultane-
ously focused to obtain an intersected volume for material removal. To precisely
create such volumes with relative motions, highly accurate optical manipulating
systems are therefore necessary. Recent systems equipped with optical scanning
systems have high level of control over the motion of laser beams which enables
efficient and effective machining operations. The material removal using these
tools is referred as 3-dimensional (3D) laser material processing. In general, the
3D laser material processing is grouped into various categories such as laser beams
along with 3D LBM, 5-axis heads along with 3D processing workstation and 3D
remote laser processing. Figure 14 illustrate the graphical picture of two-beam laser
machining processes for lathe and milling operations. Each beam creates a groove
like volume of material removal when they intersect with some incidence angle. The
incidence angle may be changed and dynamically varied along with relative motion
to get intricate shapes of machining.

LBM is successfully adapted in micromachining field due to its high flexibility
to automation and high degree of radiance. Laser beam micromachining is capable
of producing parts with sizes ranging from micro to sub-micro scales. It usually
employs the pulsed lasers with an average power of less than 1 kW. The pulses of
femtosecond duration are widely used for micromachining. Micromachining can be
performed on wide range of materials such as metals, glasses, diamond and other
difficult to machining materials. Laser-assisted manufacturing (LAM) is another
technique helps to enhance the maximum productivity, quality with minimized
machine tool vibrations, machining forces and tool wear. LAM is also an effective
technique to machine brittle materials without cracks and failure. This hybrid
machining process, laser beam is focused on the work piece just before the cutting
tool engages. Scanning of laser initially heats up the work therefore helps in plastic
deformation rather than brittle deformation during machining. The LAM processes
are suitable for brittle and hard type of material such as ceramics, nickel alloys and
the higher amount of silicon element material.
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7. Advantages

LBM is an excellent manufacturing technique to process wide ranges of difficult
to machine materials especially ceramics and advanced composite materials. LBM
technique is capable of machining intricate shapes that cannot be reached or pro-
cessed by conventional machining processes. LBM is an alternate to conventional
machining processes due to many advantages as follow:

* Due to precise machining capability, LBM can produce excellent surface finish
therefore post processing can be eliminated.

* LBM is a clean manufacturing technique due to less environment pollution and
no requirement of chemicals or solvents for machining.

* LBM can be easily automated for higher productivity and to achieve high speed
machining.

* It uses no cutting tool therefore no cutting forces involved during machining.
This phenomenon helps to avoid heavy construction of machine tools, physical
damages, vibrations, frequent tooling requirements.

* Degree of accuracy in machining complex geometry is high.

* LBM depends on thermal and few optical properties of work material rather
than mechanical properties such as hardness and brittleness. As a result, most
of the materials with any degree of mechanical properties with lower diffusiv-
ity and conductivity can be machined.

* Wide range of materials from plastics to diamond can be machined.
* Residual stresses caused due to HAZ are very less in LBM.

* Machining micro features with large aspect ratio is possible with LBM.

8. Limitations

There are many issues and limitations associated with the aforementioned LBM
technique. The major issues are produced accuracy, achieved surface quality and
rate of material removal. The erosion front is the main factor decides the amount of
material removal in LBM technique. In one-dimensional machining, the speed of
propagation in erosion front in the straight line decides the rate of material removal.
In another hand, the scanning speed plays a significant role in metal removal during
the two-dimensional machining processes. Similarly, the laser scanning speed is
produced the intersecting surfaces for volume formation and the decisive factor
for material removal rate during the 3D machining processes. Controlling the LBM
parameters for a balanced and effective machining is a real challenge faced by
industries. Secondly, the dimensional accuracy is affected by the kerf shape of laser
which leads to tapered holes instead of narrow holes. Surface quality is the other
important aspect of machining, which is measured by surface roughness, formation
of dross and the HAZ. Since LBM is completely thermal based machining process it
also has several limitations such as,
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e Minimum amount of metal removal

* Investment cost is high

Highly skilled operator is required

* Maintenance cost is high

* Power consumption for LBM is high

* Transparent and greatly reflective materials cannot be machined using LBM

* Applications related to machining thicker materials are very limited

9. Conclusions

The chapter presented an overview of the LBM technique and the principle
of laser production, properties, types of lasers, and its application in machin-
ing field. The advantages and limitations are also discussed at the end. Based on
the discussions from the presented sections, the following conclusions are made
regarding LBM.

* LBM is an effective technique for processing complex geometries of different
materials with superior properties. While this technique is mostly advanta-
geous in the field of machining, it also possesses few disadvantages such as low
energy efficiency, low material removal rate which affects productivity, quality
concern due to diverged or converged laser beam.

* LBM depends upon many important parameters such as wavelengths of lasers
used, scanning speed, type of laser beam (pulsed or CW), pulse duration,
assist gas and its flow, material properties and physical dimensions to assess
some of the performance characteristics like surface quality, thermal stresses
due to HAZ, formation of dross and defects.

* Excellent flexibility to automation of LBM enables it to be used in advanced
machining applications like micromachining with superior level of accuracy.
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Chapter 6

Nanoparticle Formation and

Deposition by Pulsed Laser
Ablation

Toshio Takiya and Naoaki Fukuda

Abstract

Pulsed Laser Ablation (PLA) in background gas is a good technique to acquire
specific nanoparticles under strong non-equilibrium states. Here, after a history of
PLA is mentioned, the application of nanoparticles and its deposition films to the
several fields will be described. On the target surface heated with PLA, a Knudsen
layer is formed around the adjacent region of the surface, and high-pressure and
high-temperature vapor atoms are generated. The plume formed by evaporated
atoms blasts off with very high-speed and expands rapidly with a shock wave. A
supercooling phenomenon occurs during this process, and number of nucleus of
nanoparticle forms in vapor-phase. The nuclei grow by the condensation of vapor
atoms and deposit on a substrate as nanoparticle film. If the radius of nanoparticle
is uniformized, a self-ordering formation can be shown as a result of interactive
process between each nanoparticle of the same size on the substrate. In this chapter,
the related technology to realize a series of these processes will be expounded.

Keywords: PLA, PLD, nanoparticle, deposition, non-equilibrium, evaporation,
laser plume, shock wave

1. Introduction

Pulsed Laser Deposition (PLD), which is a film-forming technique by using PLA,
has been experimented since the 1960s after the invention of the laser oscillator.
Afterwards, in the wake of the realization of Q-switch Nd: YAG laser in 1970s and the
electric discharge pumping high-speed repeatable excimer laser in 1980s, PLD has
become a powerful tool to fabricate high-performance films such as semiconductors,
heterostructure and superlattices. The success of high-temperature superconducting
films in the mid-1980s led to the flourishing of laser ablation research.

In the early 1990s, the research on PLD application has made several develop-
ments such as heteroepitaxial films, perovskite oxide films, nitride films and
diamond-like carbon films. Although the research on nanoparticles derived from
the laser ablation had already been conducted as part of these developments, the
discovery of Buckminster fullerene [1] was undoubtedly an important milestone
in the following development of nanoparticle applications. In the 21st century,
effect which shock waves have on the formation way of nanoparticle during laser
ablation has been investigated [2, 3]. Several researches [4-6] in which the shock
waves are positively used to form monodispersed nanoparticles and composite
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nanoparticles like core-shell type have been conducted. The laser ablation in
nanoparticle research is regarded as the promising method at present which is
possible to fabricate a novel function device in the area of electricity, semicon-
ductor, energy and so on.

We have known PLD as a process during which a solid target is vaporized with
laser irradiation, and then the nanoparticle formation in the gas phase is occurred,
followed by its soft-landing on a substrate. But each process remains unclear to us.
In order to apply the laser ablation method for the fabrication of functional materi-
als, it is important to understand each step of the process so that we can put them to
practical use. In this chapter, we divide the formation process of nanoparticle films
as following steps for further studies: (1) temperature increase of solid surface by
laser irradiation, (2) evaporation of the surface and its conversion to kinetic energy,
(3) plume expansion with shock wave propagation, (4) supercooling of evaporated
gas, (5) uniform sized nanoparticle formation, and (6) nanoparticle deposition and
self-ordering on the substrate.

2. The formation process of nanoparticles by laser ablation
2.1 Laser irradiation analysis

The process of laser ablation commences from the interaction of lights and
solids. When a laser irradiates on the surface of a solid target, the electromag-
netic energy of the laser beam firstly turns into the excitation energy of electron,
although the process may vary depending on the thermodynamic state of the solid.
The energy conversion in the solid from the electronic excitation to the lattice
vibration completes within some picoseconds. If the laser has nanosecond pulse,
therefore, it is not necessary to take into consideration the non-equilibrium of the
laser irradiation. Then, when viewed as a one-dimensional problem in the depth
direction, the solid temperature can be described as the usual one-dimensional
unsteady-state heat conduction Equation [7].

a—T:i(Ka—TJ+LI(x,t) (1)
o ax\ ox) c,p

in the above equation, T stands for temperature, while « for thermal conductiv-
ity, o for optical absorption coefficient, ¢, for the specific heat, p for the density of
the target material, and I for the value of laser energy, according to Lambert’s law,
along the depth direction after deduction of the loss caused by surface reflection.

On the other hand, a boundary condition is applied on the surface of target,
where quantity of heat is removed from the surface corresponding to the heat of
melting and evaporation. In addition, since the physical properties such as thermal
conductivity are generally different between the solid and liquid phases, the equa-
tion should be applied separately in each phase [8].

As will be discussed in the next section, since the evaporating atoms during
laser ablation are highly directional, the one-directional analysis is effective in most
cases. However, in a certain case, one-dimensional analysis fails to take into con-
sideration some factors, such as the thermal conductivity in radial direction which
becomes dominant factor when the laser irradiation time becomes longer. Formerly,
Houle and Hinsberg [9] applies a two-dimensional axisymmetric model with proba-
bilistic algorithms to the analysis of laser ablation. This allows phenomena with
different characteristic time such as absorption, melting, evaporation, and thermal
conduction to be analyzed at the same time marching [10].
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2.2 Knudsen layer

If the vapor pressure on the surface of the solids during evaporation is equal to
the ambient pressure, the Maxwell velocity distribution for both evaporating and
recondensing gas takes half shape of the distribution f* or f~, being opposite in
sign to each other, and the average value of velocity for these gases ought to be zero.
In other words, if we consider the gases evaporating from the target surface and
recondensing into it as a mixed gas, it is in an equilibrium state in terms of transla-
tional motion. However, when evaporation occurs drastically, as in the case of laser
ablation, the balance of velocity distribution breaks down and a one-sided distribu-
tion appears for the evaporating gas, while the recondensing gas becomes remark-
ably little [11] so as to take the following velocity distribution [12].

2 2 2
2E, +m(vx +0, +vz)

2kT.

fi"cexp ; )

v, >»0,-0< v,,0, <0,

where directionx is normal to the target surface, directions y and z are in parallel to
the surface, as an index of kinetic velocity ». While E is the accessible internal energy, T
is the surface temperature, 7 is the atomic mass and  is Boltzmann constant. The move-
ment of the evaporating atoms in vacuum and atmosphere is shown in Figure 1 [13], by
way of comparison. In vacuum as Figure 1(a), the flow velocity as a macroscopic fluid is
zero, while the kinetic velocity of individual atoms which are without interferences from
the other atoms to form a whole gas flow (free molecular flow) is very high. When the
gas density becomes high, as shown in Figure 1(b), the velocity vector of atoms which
keeps positive direction near the surface, gradually changes to negative direction with
increasing distance from the surface due to the presence of recondesing atoms.

Meanwhile, the atomic velocity transits to the fluid velocity and the overall gas
flow velocity increases. Thus, the velocity distribution of the evaporating atoms
is relaxed in a very thin layer near the solid surface and finally reaches a shifted
Maxwell equilibrium distribution as following [12]:

2E, +m{(vx ~u, ) +0 +v§}

2T,

fi cexp ; (3)

—0<V,,0,,0, <0,

where u is flow velocity and index K represents the state value at the very thin
layer, which has a thickness corresponding to several mean free path and is called
the Knudsen layer.

At the boundary of the Knudsen layer, the velocity of the gas ux is equal to the
speed of sound ax, and the subsequent flow state will be determined by the tempera-
ture of the target surface, the type of ambient gas and its pressure [12, 14]. By solving
the Boltzmann equation for the Knudsen layer, the velocity and angular directional
distributions of evaporating gas near the solid surface have also been analyzed [15, 16].

2.3 Plume expansion and shock wave propagation

The configuration of plume (vapor atomic mass) formed by the vapor atoms
emitted from the laser-irradiated area and shock wave formed by the piston effect
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of the plume is shown in Figure 2 [17]. From the laser irradiation zone shown in the
leftmost part of the figure, since the vapor atoms emerge from the Knudsen layer
in a certain angular distribution of velocity, the plume spreads out to the lateral

(a)
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Figure 1.
(a) Schematic of representation of vapor atoms emitted from a target surface which enter immediately into free

flight, in the case of evaporation in vacuum. (b) Schematic vepresentation of Knudsen layer formation followed
by an unsteady adiabatic expansion and free fight, in the case of evaporation in high density regime [13].

Laser irradiation area: diameter d;

r

Figure 2.
Schematic drawing of laser plume expansion from the viewpoint of high-speed hydrodynamics [17].
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direction along the central axis. In general, under the conditions of laser ablation,
the pressure of the plume developed from the target is extremely higher than the
ambient pressure, which is the so-called under-expansion jet in term of high-speed
fluid dynamics (region 1 in Figure 2). Thereafter, the plume continues to expand,
then it overinflates and forms a mushroom-like vortex (region 2 in Figure 2). The
pressure of the overinflating plume becomes negative in comparison to the sur-
rounding gas, which causes the plume to contract, resulting in a minimum diameter
of the plume (region 3 in Figure 2). After this, the plume expands again and gradu-
ally decays (region 4 in Figure 2). At this stage, the resistance of the ambient gas is
strong for the progress of the plume. The ambient gas atoms diffuse into the plume’s
front edge (hatched area in Figure 2) and form a diffusion region there. Since radi-
cals of vapor atoms are generated in this diffusion region and plunge in collisional
relaxations with the ambient gas atoms, luminescence can be likely observed in the
region.

Since the atoms fall on a substrate from the luminescence zone, photogenic
property in this zone would have a powerful effect on the characteristics of the
film produced by laser ablation. The phenomenon has been analyzed through
direct imaging by Intensified Charge Coupled Device (ICCD) and Laser Induced
Fluorescence (LIF) [18-23]. The formation of nanoparticles is also thought to occur
in this region [24].

2.4 Formation of nanoparticles

As described in the previous section, the formation process of the nanoparticle
is highly related to the thermodynamic state in the dilution zone of the vapor
atoms and ambient gas atoms. Hagena and Obert [25] conducted experiments
using a supersonic nozzle to summarize the relationship between the size of atomic
nanoparticles and the thermodynamic state as similitude rules in which parameters
of molecular movement such as an interatomic potential are primary variables.
Thus, estimating the equilibrium concentration of a nanoparticle from the thermo-
dynamic conditions of the surrounding environment is useful for practical purposes
and has been discussed in many publications. The rate constant for the nanoparticle
equilibrium concentration is essentially based on the assumptions of statistical
mechanics and is expressed as follows [26].

E
K,= Q(tqu)ng exp[ k;j 4)

Here, K, is the rate constant of the equilibrium concentration in a nanopar-
ticle consisted of atoms of the number g, while Q is the partition function of the
nanoparticle with the subscripts ¢, » and v representing the translation, rotation
and oscillation respectively. The variable g stands for the partition function of a
mono-atom, E, for the formation energy of the nanoparticle, k for the Boltzmann’s
constant, and T for the temperature of the system. The above equation describes the
process in which the translational kinetic energy of a mono-atom transformed into
the internal energy of the nanoparticle when it is captured by the nanoparticle. But
there does not seem to be any detailed descriptions of this process in the classical
theory of nanoparticle formation.

On the other hand, Eq. (4) refers to the nanoparticle concentration based on the
steady-state theory. Generally speaking, the length of time it takes to form nanopar-
ticle is not considered in this equation. However, for high-speed phenomena such
as laser ablation, it is necessary to estimate the nanoparticle formation time to
determine if the balance between condensation and evaporation on the surface of
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nanoparticle is kept or not. If we are assuming that the velocity of vapor atoms is
represented in the equilibrium Maxwell distribution, we can estimate the approxi-
mate nanoparticle formation time 7 with the following equation.

p.r\27kT
="
pm

In this equation, p. stands for the internal density of the nanoparticle, while » the
radius of the nanoparticle, p the vapor pressure, and m the mass of the vapor atoms.
In order to obtain an exact solution, Gillespie [27] analyzed the process of nanopar-
ticle formation as a random walk problem. However, no matter how rigorous the
probabilistic analysis is, it is still based on classical nucleation theory. To address the
problem related to the formation of nanometer-sized particle in non-equilibrium,
the following issues should be considered.

(5)

a.The nucleation rate equation based on steady-state theory is valid only when
the formation time of a critical nucleus is sufficiently short compared to the
representative time of the system.

b.The classical theory is an available model at the range of relatively low
supersaturation. In the case of high supersaturation, the internal degrees
of freedom of the nanoparticle must be taken into an account, because
differences are created among translational, rotational and vibrational
temperature.

c.In spite of small systems, macroscopic physical properties and coefficients
such as surface free energy, evaporation enthalpy, and condensation coefficient
besides macroscopic concepts such as the Thomson-Gibbs formula are used.
We have to correct these values and formula in conformity with the extent of
non-equilibrium.

In recent years, with the development of computers, molecular dynamics or Direct
Simulation Monte Carlo analyses which take into consideration the internal degrees of
freedom of nanoparticles have been made [28], through which the Gibbs free energy
and nanoparticle concentrations are elucidated under more realistic conditions.

3. Films fabricated by monodispersed nanoparticle beams
3.1 Monodispersed nanoparticle by size classification

In general, the size distribution of nanoparticlesf;(x) growing in vapor phase is
known to be described as the log-geometric distribution as follow [29].

2
1 1 ln(x/mg)

- - %7 >0 6
fx(x) xx/ZﬂInageXP 2 Inag X ©)

Here m, is the geometric mean and o, is the geometric standard deviation. A
model has been proposed to explain the log-geometric distribution by assuming
that the growth formula of a nanoparticle follows a certain Equation [30, 31]. It
has also been experimentally confirmed that the size distribution of nanoparticles
generated by laser ablation is log-geometric [32].
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While sizes of nanoparticles have a certain distribution, the physical prop-
erty of the nanoparticle may vary dramatically depending on its size. Thus,
the sizes of nanoparticles should be in uniform when we need deal with them
as macroscopic materials like nanoparticle films. Hence, in the early 2000s,
some kinds of device to make the nanoparticle size in uniform has been actively
invented and designed.

In those times, the size selection of aerosol particles is generally done in an elec-
tric field by deflecting charged particles generated from a source of the outbreaks
such as combustion gas in Diesel engine. Afterward, the Differential Mobility
Analyzer (DMA), as shown in Figure 3 [33], which has been used to measure
aerosol particles in the atmosphere, has been improved to the desired extent for
applying on nanoparticles [34-36]. It is able to measure the particle size distribu-
tion by using the natural law in which a flying charged nanoparticle would land on
different locations according to the balance between the electric mobility and fluid
resistance, being deflected by an electric field [37]. Camata et al. [38] used a DMA
system to estimate the geometric standard deviation of silicon nanoparticles with
an average particle diameter of 2.8 nm and got a number of the geometric standard
deviation between 1.2 ~ 1.3. Suzuki et al. [39] used DMA system on silicon nanopar-
ticles and obtained a result of an average particle diameter of 2.8 nm and a geomet-
ric standard deviation of 1.2. A consistent system from a source of nanoparticles to
its sampler is shown in Figure 4 [34]. The nanoparticles generated by laser ablation
pass through the gas phase annealing system, where the particle morphologies
are controlled, and move to DMA to be classified by its size, and finally reach the
particle sampler and the measurement systems.
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Figure 3.
Hllustration of instrument capable of measuring size distributions of aerosol particles on basis of DMA [33].

109



Practical Applications of Laser Ablation
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Figure 4.
Schematic of nanoparticle synthesis process using laser ablation, which is composed of (a) particle generator,
(b) gas phase annealing, (c) particle classifying, and (d) particle measurement and correction [34].

Although the above methods require nanoparticles being charged in some way to
select the size, the flank attack method proposed by Wu et al. [40] can be used for
neutral nanoparticles. In this method, the nanoparticle beam is intersected with the
atomic beams of inert gas such as argon or neon, and the nanoparticle can be sorted
out in accordance with the size following the law in which the smaller the nanopar-
ticle size, the greater the deflection angle of the beam.

3.2 The direct fabrication of monodisperse nanoparticles

In the previous section, the relationship between the growth rate and the size
distribution of nanoparticles has been discussed. By understanding the growth
process of nanoparticles, it is possible to control their size distribution. Laser
Vaporization with Controlled Condensation (LVCC), as shown in Figure 5 [41], is
amethod to control the average size of the nanoparticles by adjusting the condi-
tions about nucleation and growth. By raising the temperature of the lower wall
in ablation chamber with a heater and cooling down the upper wall with liquid
nitrogen, the temperature gradient would cause the convection of ambient gas.
When the vapor created by laser ablation drifts upward by the convection, the
vapor becomes supersaturated near the upper cold wall, which results in nucleation
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Figures.
(A) Experimental set-up for the synthesis of nanoparticles using the LVCC method. (B) Experimental setup
for the LVCC method coupled with a DMA [41].
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and condensation followed by nanoparticle forming. It is found that the higher the
supersaturation is, that is, the larger the temperature gradient is, the smaller the
average size of the nanoparticles becomes. Therefore, by adjusting the temperature
gradient proficiently, it is possible to control the nanoparticle size. Furthermore, by
combining LVCC and DMA, to control the average diameter and size distribution of
nanoparticles would be possible.

In order to determine the size distribution by directly adjusting the growth
process of the nanoparticles, it is necessary to control not only statically the degree
of supersaturation but also dynamically its temporal variation of it. That is, it is
necessary to rapidly increase the supersaturation level to complete the nucleation
within a short period of time and to inhibit the subsequent nanoparticle growth in
some ways [42].

As described in Section 2.3, a shock wave is generated in front of the plume by
laser ablation. It is possible to use the shock wave to rapidly change the state quan-
tity in the plume and increase the supersaturation at a fast rate. One example is the
laser ablation process done in a closed space such as an ellipsoidal cell, in which the
collision between the reflected shock wave and the plume front triggers the forma-
tion of nanoparticles instantly in a small area [43, 44]. The equipment fabricating
monodispersed nanoparticles by using this phenomenon is called Spatiotemporal
Confined Nanoparticle Source (SCCS), which is illustrated in Figure 6 [45], as the
fabrication process is restrained in the confined space and time.

3.3 Application of self-ordered nanoparticle films on substrate

The possibility of developing new functional materials with nanoparticle films
has been pointed out for a long time [46], and many attempts have been made
mainly to create light-emitting devices using the visible light emission from silicon
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Figure 6.
Schematic view of new laser ablation-type silicon cluster beam system named SCCS [45].
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nanoparticles [47-51]. Chen et al. [52] accumulated silicon nanoparticles on a
substrate in an argon and oxygen atmosphere and researched on the effects of the
gas pressure and annealing way on photoluminescence (PL). As a result, it was
concluded that the emission band of 1.8-2.1 eV obtained from the experiments is
based on the quantum effect since the blueshift of the emission varies depending on
the nanoparticle size. Also, by accumulating silicon nanoparticles on a substrate in
helium gas atmosphere, Kabashin et al. [53] found out that the microstructure on
the nanoparticle film’s surface varied depending on the helium gas pressure. When
the helium gas pressure is higher than 1.5 Torr, it becomes a shape of porous film.
Furthermore, it is concluded that the morphology of microstructure on the film
surface determines the extent to which the natural oxidation of silicon nanoparticle
affects PL luminescence.

In addition, the nanoparticle properties of iron oxide [54] and cobalt oxide [55]
are studied for applying to a new functional device and material such as magnetic
recording media, magnetic fluids and gas sensors. The properties of tungsten oxide
nanoparticles [56] have been under research for being used as photocatalysts.
However, while these applications of nanoparticles are still in the experimental
stage, monodispersed nanoparticle beams are expected to improve the accuracy of
these experiments.

On the other hand, from before, some studies focused attention on the func-
tion of laser irradiation to create an ordering of nanoparticles and investigated the
influences of the intense and direction of electric field on the ordering appearance
of nanoparticles. The phenomenon was called by Laser-Induced Periodic Surface
Structures (LIPSS) [57, 58], which have led to a growing interest on how to build a
new order of the nanoparticle array, as represented by the image of Figure 7. And
Han et al. [59] confirmed by experiments and simulations that low-energy nanopar-
ticle beams are effective in producing films of small nanoparticles with a wide range
of sizes. Moreover, since the formation of ordered array is essential for making larger
films, the technology of forming ordered nanoparticles by irradiating the substrate’s
surface with the beam of monodispersed nanoparticles which have a stable crystal
structure has been expected. It is verified that the silicon nanoparticles fabricated
by this technology spontaneously form a nanostructure ordering, and the formation

Figure7.
SEM image of silicon nanoparticles produced by PLD and their long-range ordering controlled by subsequent
laser irvadiation [57].
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Figure 8.
HRTEM image of silicon cluster superlattice structures obtained with the use of the new laser ablation-type
silicon cluster beam system [45].

mechanism has been studied [60]. The components of this structure are called
silicon nanoblocks [61], which are expected to be applied on next-generation devices
such as accumulator integration system with a solar cell [62], ultra-thin superca-
pacitor [63] and superlattice structures [45]. The silicon clusters possesing atomic
crystalline structures generated by SCCS are depositing on the graphene substrate
and forming shapes of silicon superlattice as shown in Figure 8.

In addition, it is found that interparticle spacing and pattern are the important
parameters for characterizing the film consisting of nanoparticle array. We can
extract the useful properties from the nanoparticle films, depending on the inter-
particle spacing range of electron tunneling, optical near field or spin exchange
interaction. In the next generation of laser ablation, it seems to be one of critical
challenges to clarify and control the ordering of nanoparticles based on the view-
point of the interparticle spacing.

4. Summary

To apply the nanostructured particle films on new functional materials, it is
important to study the formation process. Therefore, in this chapter, we stared
from the mechanism of laser ablation process and then found that monodispersed
nanoparticle beams are necessary for fabricating nanoparticle films and that,
when used as a macroscopic material, the technology based on the self-ordering
of nanoparticles is essential to make large films. It is expected to control the inter-
particle spacing and its pattern of nanoparticle structure in the films to obtain new
and useful properties which are potentially underlying in the films as functional
devices. In order to realize such devices, laser ablation remains a promising technol-
ogy for the future, and worth studied for more possibilities.
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Chapter 7

Dynamics of Transient Plasmas
Generated by ns Laser Ablation of
Memory Shape Alloys

Stefan Andrei Irimiciuc, Norina Forna, Andrei Agop,
Maricel Agop, Stefan Toma and Doriana Forna Agop

Abstract

Understanding the underline fundamental mechanism behind experimental and
industrial technologies embodies one of the foundations of the advances and tailor-
ing new materials. With the pulsed laser deposition being one of the key techniques
for obtaining complex biocompatible materials with controllable stoichiometry,
there is need for experimental and theoretical advancements towards understand-
ing the dynamics of multi component plasmas. Here we investigate the laser abla-
tion process on Cu-Mn-Al and Fe-Mn-Si by means of space-and time-resolved
optical emission spectroscopy and fast camera imaging. In a fractal paradigm the
space-time homographic transformations were correlated with the global dynamics
of the ablation plasmas.

Keywords: shape memory alloy, laser ablation, transient plasma,
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1. Introduction

The dynamics of the ejected particles as a results of high power laser and solid
matter is not a trivial problem, as it was showcased in several papers [1, 2]. The
problem of complex materials, as it is the case of metallic alloys, it consists in
differences in the physical properties of the composing elements. Phenomena like
heterogenous melting and vaporization [3] are commonly reported for ns laser
ablation, with dire consequences for applications like pulse laser deposition. Target
material heterogeneity should be reflected in the dynamics of the ejected particles,
which is often difficult to observe in industrial applications like laser welding,
cutting, surface cleaning, but is otherwise excellent showcased in applications like
LIBS or plasma spectroscopy. The amalgam of plasma entities found in a transient
plasma generated by laser ablation contains ions, atoms, molecules, electron and
photons. The most often used technique extensively reported by the other groups
[4] or even by our group are non-invasive ones that can differentiate between the
contribution of each individual component of the plasma in particular conditions
even reflect the complex local and global phenomena reported in recent years.
These techniques are mainly concerning the optical emission spectroscopy. Under-
standing laser based technologies and the interaction between high energy laser
beam and metallic alloys are now relevant for a wide range of applications with fast
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feedback and accurate predictions on the behavior of physical processes. The dual
approach of experimental investigations and theoretical modeling has proven to be
a successful method for understanding the dynamics of multi-element fluids [5, 6]
or as it was showcased recently by our group for complex laser produced plasmas
(LPP) [7]. The study presented in this chapter expands our previous attempts for
stoichiometric transfer and plasma chemistry in the case of laser ablation of com-
plex alloys. We discuss here the ablation of metallic particles as a result of short
laser ablation interaction with ternary alloys from both an experimental and theo-
retical point of view. To comprehend the ablated particle dynamics we
implemented optical emission spectroscopy in conjecture with ICCD fast camera
imaging to record global and local information about their spatial distribution
within the ablated cloud and their individual kinetic and thermal energy. From a
theoretical perspective we built on our model from [7] and focused on exploring
under, a fractal paradigm of motion, the effect of the plasma thermal energy
(temperature) and ion physical properties (mass) on the spatial distribution of
complex alloy plasmas. Usual models used to simulate the dynamics of complex
systems are based on an assumption of the physical variable differentiability (e.g.
density, momentum, energy, etc. [8-12] and the processes which they define. The
practicality of such methods can be accepted sequentially, on space-time domains
for which the differentiability still respected. However, the differential approach
often fails when confronted by the reality of complex physical system (i.e. plasma
plume expansion in PLD). To better represent most of the interactions at both local
and global scales, it is required to introduce explicitly the scale resolution depen-
dence. This breathes a new physical system where the variable dynamic that previ-
ously were dependent only on space and time, will now contain explicitly the
dependence on the scale resolution. This can be even more abstracted and instead of
using non-differential function, admittedly rather difficult to implement, just uti-
lize different approximations of these multifractal mathematical functions derived
by means of averaging at various scale resolution. A paramount consequence of this
approximation is that any dynamic variable will behave as a limit of specific func-
tion families, which are non-differentiable for a null scale resolution (multifractal
functions).

2. Laser induced plasmas on memory shape alloys

When investigating the ejected cloud of particle, the ideal investigation tech-
nique should be non-invasive and offer global and local information about the
plasma components. Such a technique can be considered the combination of ICCD
fast camera imaging and space and time resolved optical emission spectroscopy,
which is used consistently by our group [7, 13, 14] and it was also validated by a
significant number of papers [15, 16]. Our approach was a global - local one,
meaning that the initial step was to collect the global emission (in the 300-700 nm
regime) of the LPP at consecutive time-delays with respect to the laser beam. The
result for a Fe-Mn-Si laser produced plasma is shown in Figure 1, where we present
selected images during the LPP expansion in a 2 us time lapse.

We observe that the plasma has a quasi-spherical shape and increases its volume
as plasma evolves. The expansion velocity was estimated using the technique
presented other previous papers [1], where it is discussed the effect of multi-
element composition of the ablation process. When performing cross-section on the
recorded images in axial and transversal directions, we notice different behaviors
across the two directions. We also performed cross section across the main expan-
sion axis (axial cross-section) reveals a splitting of the plasma cloud in multiple
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Figure 1.
Global evolution of the Fe-Mn-Si LPP.

distinct structures (two or three). Some studies report on a specific terminology for
these structures, the first one also named the fast one is created by electrostatic
mechanism (Cloulomb Explosion), the second one or slower structure is generated by
thermal mechanisms (Explosive boiling), while the third consists of mainly clusters
or nanoparticles. Their presence has beforehand been reported and extensively
discussed in conjecture with the multiple ejection mechanism and their correlation
with the fractality of the LPP [7, 14, 15, 17] by our group. However, our focus will
not be on this third structure as the main optical signatures, seen through our
experimental methods, are given by the dynamics of simpler plasma entities like
atoms or ions. The velocities of the main structures were determined as follows: for
the case of Cu-Mn-Al plasma — 15 km/s for the first structure and 7.4 km/s and for
the second structure for the case of Fe-Mn-Si plasma - 20 km/s for the first one and
11 km/s for the second structure. The values are in good agreement with the other
reports from literature [1, 18, 19]. The obtained values strongly are related to the
differences of the melting points for each material and the overall mass of the cloud,
with significant variance in the properties of the component directly affecting the
ablation process and the subsequent evolution.

We notice a significant difference in the overall emission and shape of the LPP
generated on the two alloys. The global emission is noticeably larger for the Fe-Mn-Si
plasma and with less inner structuring, while for the Cu-Mn-Al the global emission is
reduced and presents more pronounced structuring. These differences are induced by
the energetic distribution uniformity on the excitation process as opposed to other
types of interactions (i.e. ionization). Fe-Mn-Si plasma has an uniform aspect which
is attributed similarities in the melting points of the composing elements, which leads
to a uniform and homogeneous ablation. For the Cu-Mn-Al plasma there are signifi-
cant differences between the physical properties of Al and Mn or Cu, could lead to a
more heterogenous ablation process. These statements will further be verified with
the space and time resolved OES. We would like to also note that, the fractality of the
laser produced plasmas will also be affected by the inner energy of the plasma and its
distribution on the composing entities [7, 13]. We anticipate here another type of
analysis (fractal analysis) which we will further use in this study, that could offer
valuable information about the laser produced plasmas.

In Figure 2 we plotted the spatial distribution of atoms (Fe and Mn) from the
Fe-Mn-Si plasma highlighting the discrepancies amongst the two elements. We
would like to note that Si was not considered as the emission line intensity for its
species insignificant (lower) than those of the other elements. The Fe atoms have a
dual peak distribution, while the Mn one presents only a single peak distribution.
This reads as Fe atoms can be excited throughout the whole plasma volume, espe-
cially at longer distance where the electron density is significantly lower. This
assessment can also explain the elevated T, reported earlier and it is in line with the
multi-structure scenario seen by fast camera photography (ICCD fast camera
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Figure 2.

Axial distribution of Fe (a) and Mn (b) atomic emission at various time-delays.

imaging). By representing the intensity maximum for individual emission line as a
function of time [20], we determined the expansion velocities for the individual
elements, with 31 km/s for the first peak of Fe I and 10 km/s for the second one,
while for the Mn I a velocity of 18 km/s. The expansion velocity estimated for the
first peak of Fe I and the Mn atoms are similar with the values of the second plasma
structure, while the velocities of the second group of Fe atoms are in line with the
value determined for the first plasma structure. This concludes the fact that the
two-plasma structure have uniformly distributed atoms and ions amongst them
with the fast structure having a slight depletion of Mn.

We can take a broader view of the discussions made in the previous paragaphs
for both investigated plasmas as the laser fluence and background pressure and are
(expansion conditions) identical. The results are seen in Figure 3-right-hand side,
where we can observe for a time-delay of 150 ns the spatial distribution of Fe and
Mn in the Fe-Mn-Si plasma and Cu an Al in the Cu-Mn-Al plasma, respectively. We
notice that for lighter elements we obtain a narrow spatial distribution, while the
heavier ones (Cu and Fe) have a wider distribution. These differences can be seen as
a separation of the composing elements based on their physical properties. The
separation was previously discussed by our group in [7, 13] where the fractality of
the components played a significant role, based on that the spatial distributions of
different elements are reflecting the elevated degree of fractality. Lighter elements
will have a higher collision rate and thus a higher fractality degree, whereas the
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Figure 3.
Axial distribution of the main elements in the alloys as seen through OES measuvements at a time-delay of
150 ns (left) and a schematic representation of the particle distribution with the plasma volume (vight).
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heavier ones are described by a lower fractality degree (lower collision rate). This
difference in the fractality of the plasma entities will give us different spatial
distributions for each element.

However, given our set-up optical configuration, lighter elements strongly
scattered during expansion will appear to have a narrower distribution at relative
short distances, while heavier particles will have a broader distribution most likely
covering the whole plasma plume. Translating these results into the expansion of a
three-dimensional plasma, low-mass elements are scattered towards the edge of the
plasma plume while the high-mass ones are the building blocks the plasma core. For
industrial applications like PLD, the result is of paramount importance interest as
the particular volumes of the plasma plumes lack stoichiometry or uniformity.
These properties could induce a non-congruent transfer of multielement material
and affect the physical properties of the subsequent thin film. Furthermore, the
diagnostic system used here allowed to capture the complex nature of the plasma
and present some meaning behind it. We will further attempt to unravel more
information about the relation between the fractality of specific elements and their
spatial distribution within the plasma volume in the following section.

3. Theoretical modeling

The fractal analysis approach for understanding the dynamics of complex phys-
ical systems was shown over the years to provide with some of the most promising
results towards understanding multiparticle flow in fluids [21, 22] or plasmas
[7, 13-14, 17].

For a laser ablation plasma, the nonlinearity and the chaoticity have a dual
applicability being both structural and functional, with the interactions between the
so-called plasma entities (structural components like electrons, ions, atoms, pho-
tons) determine reciprocal conditioning micro-macro, local-global, individual-
group, etc. In such a case, the universality of the laws describing the laser ablation
plasma dynamics becomes obvious and it must be reflected by the mathematical
procedures which are utilized. Basically, it makes use more and more often of the
“holographic implementation” in the description of plasma dynamics. Usually, the
theoretical models used to describe the ablation plasma dynamics are based on a
differentiable variable assumption. Most of the notable results of the differentiable
models must be understood sequentially, where the integrability and differentiabil-
ity still apply. The differentiable mathematical procedures are limiting our under-
standing of more complex physical phenomena, such as the expansion of a laser
produced plasma which implies various nonlinear behaviors, chaotic movement and
self-structuring. In order to accurately describe the LPP dynamics and still remain
tributary to differentiable and integral mathematics we must explicitly introduce
the scale resolution. The scale resolution will be integrated in the expression of the
physical variable, which describe the LPP, and implicitly in the fundamental equa-
tions, which govern these dynamics. This means that any physical variable becomes
dependent on both spatial and temporal coordinates and the scale resolution. In
other words, instead of using physical variables described by a nondifferentiable
mathematical function, we will use different approximations of this mathematical
function obtained through its averaging at various scale resolutions. As a conse-
quence, the physical variables used to describe the LLP dynamics will act as a limit
of functions family, which are non-differentiable for a null scale resolution and
differentiable for non-null scale resolution.

This approach for describing LPP dynamics infers the building of novel geomet-
ric structures [23, 24] and probably new physical theories, in which the movement
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laws invariant to spatio-temporal transformation, can be considered integrated on
scale laws, invariant to scale resolution conversions. These geometric structures can
be generated by the multifractal theory of movement in the form of Scale Relativity
Theory (SRT) with a fractal dimension D = 2 [25] or in the form of SRT in an
arbitrary fractal dimension [21, 22]. In both cases the “holographic implementation”
of specific dynamics of LPP suggests a substitution of dynamics with limitations in
an Euclidian space with dynamics without any restriction in a free-multifractal
space. Thus, we will use only of the expansion of the plasma particles on continuous
and non-differentiable curves in a multifractal space [25].

In the following we will analyze some specific dynamics of a transient plasma
generated by laser ablation, therefore postulating that the plasma particles are
moving on multi-fractal curves. The mathematic procedure implies the usage of the
following set of multifractal hydrodynamics equations. In such a context let us
consider the density current:

2 T2
_; Vo(lz +%xt ex (X—Vot)z
A2 { 372 €XP
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where X is a surface which  crosses, the other parameters have the meaning
given in [21, 22].

In the aforementioned conditions,  is invariant with respect to the coordinates
transformation group and to the scale resolutions transformation group. Since these
two groups are isomorphs, between them we can unravel various isometries like:
compactizations of the spatial and temporal coordinates, compactization of the
scale resolutions, compactizations of the spatio-temporal coordinates and scale
resolutions, etc. Following this we can perform a compactization between the
temporal coordinate and the scale resolution, which is given by the relation:
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where ¢ corresponds to the specific energy of the ablation plasma entities. Once
admitted such an isometry by means of substitutions:
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(1) takes the more simplified non-dimensional form:
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In (5.3) and (5.4) I is assimilated to the normalized state intensity, £ to the
normalized spatial coordinate, y to the normalized multifractalization degree, u to
the normalized specific energy of the ablation plasma structures. The energy ¢ and
the reference energy ¢y can be written as:

T T
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where T and T, being the specific temperatures and M and M, the specific mass,
we can further note:

T M
so that (5.1) becomes:
L+t (-9

= 7

e

T

The fundamental transient plasmas dynamics induced by laser ablation can be
corelated with a multifractal medium for which its fractality degree is echoed by the
elementary processes (collision, excitations, ionization or recombination, etc. -for
other details see [7, 17]). In such a context (1) defines both the normalized state
intensity and it is also measure of the optical emission of each plasma structure,
case for which its spatial distribution of mass type is quantified through our
mathematical model and corelated with our data.

The results of our simulations are presented in Figure 4(a,b). One can see that
plasma entities with a fractality degree u < 1 are defined by a narrow distribution
centered around small values of &, while for a fractality degree y > 1 the distribution
is wider and is centered around values of one order of magnitude higher that the
low fractality ones. Therefore, we can formulate an particular image of the plasma
plume dynamics in a multifractal mathematical formalism as follows: a core of
entities with low fractality and a relative low plasma temperature as well a shell of
high energetic particles described by a higher fractality degree.

In order to perform some comparison between our results and find if they can be
correlated with the classical view of the LPP we have effectuated supplementary
simulations on the plasma emission distribution over the particles mass for a plasma
with an overall y factor of 5 at an arbitrary distance (¢ = 5.5). The plasma entities
with a lower mass are described by a higher relative emission for a particular
temperature, and with the increase of the plasma temperature the emission of high-
mass elements increases as well. The obtained data is in accordance with some of
our previous results from [7, 13, 17], where we correlated the plasma temperature
with the plasma fractal energy. These results can have real implications for some
technological applications: for low plasma excitation temperature the distribution is
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Spatial dependence of the simulated optical emission of plasma entities with various fractal degrees (a) and
mass distribution of the optical emission for various plasma temperature (b).
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strongly heterogenous and it aides particles with an elevated fractalization degree
leading to a non-congruent transfer in case of PLD and the lighter elements are
predominantly in the outer regions of the plume, while the heavier ones are mainly
part of the core.

4. A multifractal theoretical approach for understanding the separation
of particle flow during pulsed laser deposition of multicomponent
alloys

The details of the model have been previously reported in [14]. Let us consider
that the evolution of the plasma components (plasma entities) is defined by
continuous but non-differential curves, in specific rage of values. This premits us to
corelate the properties of plasma plume in a multifractal matrix and thus reducing the
dynamics of the individual entities by integrating them with their respective
multifractal trajectories (geodesics). Therefore, at extreme times scales with respect
to the inverse of the maxim Lyapunov exponent [23], the classical trajectories
(deterministic) are replaced by fractal geodesics (families of potential trajectories and
the notion of defined spatial coordinates is replaced by that of probability densities.

In such a context, in agreement with the results from [21, 22] at a differentiable
resolution scale the ablation plasma dynamics are driven by the specific fractal
force:

. 1 .
Fi = [u; + (dt)a/DF)lelak} Oyl (8)

The introduction of this multifractal force in explicit manner is essential at and is
responsible for the structuring of ablation plasma on each component, though a
special velocity field. The functionality of our differential system of equations is
given by:

. 1 .
Fi = {u; +3 (dt)<2/DF)‘1Dk’ak] o, =0 )
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(9) represents that at a differential scale resolution the multifractal force
becomes null, while (10) represents the state density conservation law at non-
differentiable scale resolution.

Generally speaking it is rather difficult to obtain an analytic solution for the
system of equations considered here, taking into account its multifractal nature
(through uk0ui, the multifractal convection and D* 90}, the multifractal type
dissipation); also the fractalization type, introduced through multifractal type tensor
DM, is left unknown purposefully in this particular representation of the model.

The continuous development of our multifractal model and its implementation
for the simulation of real plasma like phenomena implies the definition of a three-
dimensional plasma like-fluid flow of a with a revolution symmetry around the z
axis, and investigate its dynamics through a 2-dimensional projection of the plasma
in the (x,y) plane.

Considering the symmetry plane (x,y), the (9) and (10) system becomes:
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Let us solve the equation system (11) and (12) by imposing the following condi-
tions

=0 (12)
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with:
D” = aexp (i6) (14)

Let us highlight that existence of a complex phase can be the pathway to a
hidden temporal evolution of the system. The variation of a complex phase defines a
time-dependence in an implicit manner. This means that for multifractal system
can describe both spatial and temporal evolutions. Thus, the choice for DY gives the
possibility of a both spatial and temporal investigations on the LPP plasma dynamics.

The solution of (11) and (12), in their general form in normalized quantities can
be written as:
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is given according to the method from [21, 22]:
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UX,Y) =

To verify the validity of such unusual approach we obtained 3D (Figure 5)
representations of the transient plasma flow developed based on the solution given
by our multifractal system of equations. The transient plasma is generated in the
framework of our multifractal model as a mixture of various particles with different
physical properties (electron, ions, atoms, nanopatricles). This implies that the
some multifractal parameters such as the complex phase, fractal dimension or
specific length (x,, yo) will include within their values the properties of each
individual component. In Figure 5 we represented the angular separation of the
plasma low for different values of the complex phase leading to the appearance of
preferential expansion directions for various elements of the plasma for © > 1.5.

In Figure 6 we have represented the 2D distribution portraying various plasma
flow scenarios with respect to the structure of the laser ablation plasma, starting
form a pure, single ionized plasma (only atoms, ions and electrons) towards a
multi-component flow (including nanoparticles, molecules or clusters). There is a
separation into multiple structures in the two expansion directions (across X and Y).
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3D representation of the total fractal velocity field of a multi-fractal plasma flow for various complex phases
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Figure 6.
Total fractal velocity field evolution on the two main directions (X,Y) for a multi fractal system with & values of
0.1 (a), 0.4 (b), 0.7 (c).

For small values of the fractalization degree, which from here on further will be
considered as control parameter, we define a plasma flow containing only one type
of particles thus on plasma component. In Figure 6(a), there can be seen only one
plasma structure along the main expansion axis. The increase of this fractalization
degree, control parameter, subsequently leads to changes in the homogeneity of the
structural units of the plasma (i.e. our model of plasma becomes more heteroge-
neous in term of plasma particle mass and energy). It is also noticeable the forma-
tion of two symmetrically positioned secondary structures (lateral with respect to
the main expansion axis). We conclude that those volume of plasma contain mainly
components defined by a small physical volume and low kinetic energy. A subse-
quent increase in the fractalization degree and thus of the heterogeneity of the
plasma leads to the formation of lateral-symmetrically situated plasma structures
each defining different families of particles with physical properties.

An important conclusion extracted from our simulation is that the plasma struc-
turing process is gradual one. For values of £ = 0.3 ~ 1, we can obtain three main
lateral structures which are also followed by a continuous internal structuring
visible for fractalization degrees & > 1. Within the framework of our multifractal
model this is reversible transition as the distribution often returns to the three-
structure system. Another approach of understating this novel phenomenon is to
assimilated then with breathing modes of the fractal system (oscillatory behavior). The
evolution of our plasma model in a multifractal framework attempts a complete
transition towards a completely separate flow but the interactions of the
multifractal forces between the individual plasma structures are then in charge for
the unification of the plasma structures.

The multi-structuring of the laser produced plasma was highlighted by execut-
ing cross sections in X direction (see Figure 7). In X direction the separation is more
obvious first moments of expansion. Each of the new plasma structure is defined by
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Figure 7.
Transversal cross section for £ = 0.3 (a), E=1 (b) and & = 5 (c).

different flow velocities as the distance between the maxima of the three structures
does not remain constant during expansion. Supplementary investigations were
performed by implementing similar data treatment for the Y direction. For the cross
section on the Y axis (at X = 0) we can report a more fuzzy separation. This result
can be explained as the structuring phenomena of the plasma is not limited to a
unique flow axis, being observed in all directions. Moreover, the fractality of the
our multifractal system, defined here through & and y, is directly related to the
trajectory of the plasma particles. As such, for a more complex plasma model (multi-
element, multi-structured) the intrinsic dynamic within the plasma structures will
induce to a separation on the main expansion axis (at X = 0).

This rather complex multifractal theoretical approach manages to simulate the
structuring of a multielement (complex) plasma flow. Nevertheless, this is remains
an abstracted view to a real dynamics in various technological application. For the
validation of the conceptual and mathematical approach we chose to perfume
comparisons with our experimental investigations of laser produced plasmas in
quasi-identical conditions to those generally used for pulse laser deposition. Our
model is suitable for the description of PLD physical phenomena as in past years
various groups have shown [26-29] that in the case of multi-element plasmas there
is axial and lateral segregation of the plasma particles during expansion based on
their physical properties (mass, melting temperature), which damages the quality
and properties of the deposited film.

5. Conclusion

The dynamics of a complex multi element plasma was investigated in the
framework on a non-differential, multifractal theoretical model. Structuring into
multiple plasma fragments were observed for the multi-fractal fluid like system
containing structural units with various physical properties. The formation of com-
plex plasma structures during expansion is corelated to the interaction between the
transient plasma structural units and it is defined here by the complex phase of the
velocity field and the fractalization of the particle geodesics. The multifractal sys-
tem of equations was simplified by analyzing only two main directions. The plasma
splits in multiple structures symmetrically to the main expansion axis.

The multifractal theoretical model was compared with empirical investigations
of transient plasmas generated by laser ablation of a multielement metallic targets.
The expansion of the plasma plume was monitored by means of ICCD fast camera
photography and optical emission spectroscopy. The ICCD fast camera imaging
showcased the formation of two or three main plasma structures in the main
expansion direction, coupled with a similar phenomenon in the transversal
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direction. This complex behavior affects the angular plasma expansion and subse-
quently affect the spatial distribution of the deposited film. The heterogeneity of the
plasma plume velocity field is in good agreement with the theoretical assumption
presented in the framework of the non-differential model.

ICCD imaging revealed the splitting of the laser produced plasmas into two
different structures, expanding with different velocities. An angular distribution of
the front velocity was reconstructed for each of the two plasmas. The specie veloc-
ities were correlated to the properties of the elements found in the target (mass and
conductivity).

A novel theoretical approach based on multifractal physics was used to simulate
the behavior of multi element plasmas. The model considers the relation between
the scattering probability, collision frequency and the fractality degree of the
plasmas. The angular distribution of the ejected particles was discussed with respect
to the fractality of the system. The simulation results are in good agreement with
the experimental data.
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Chapter 8

Laser Chemical Elemental
Analysis: From Total to Images

Renata S. Amais, Danielle S. Francischini,
Pedro S. Moveau and Mavco A.Z. Arruda

Abstract

This book chapter focuses on laser ablation employed in elemental analysis and
discusses the fundamentals and instrumentation of the laser-induced breakdown
spectroscopy (LIBS) and laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) techniques. The analytical performance of such techniques,
challenges related to calibration, and strategies to improve sensitivity are discussed.
In addition, the processes involved in data acquisition and imaging for acquiring the
elemental spatial distribution are highlighted, and some representative examples in
environmental, biological, medical, and forensic researches are presented.

Keywords: LIBS, LA-ICP-MS, imaging, plasma, mass spectrometry, optical emission,
laser ablation

1. Introduction

The association of chemistry and light is so old than human being history,
most probably raging from the observation of the solar spectrum to spectroscopic
analysis, thus allowing the discovery of new and unknown substances. The advent
of laser (acronym to Light Amplification by Stimulated Emission of Radiation) has
only served to strengthen this natural bond. With the advances in electronics and
computational programs, the lasers have a multitude of applications, from proteins
(i.e. matrix-assisted laser desorption/ionization, MALDI) [1] to elemental analysis
(i.e. laser ablation inductively coupled plasma mass spectrometry, LA-ICP-MS, or
laser-induced breakdown spectroscopy, LIBS) [2]. The applications are dictated
by the laser wavelengths, which, in fact, reflect their energies. For example, for
biomolecules, like proteins, wavelengths higher than 350 nm are currently used,
and for elemental analysis, 213 or 193 nm are most common.

Because of its modulated power, directionality, and temporal coherence, the
laser has become a highly versatile tool, and used in a large variety of applications,
from the study of how chemical reactions occur, then to initiate chemical reactions
upon irradiation to extremely sensitive and selective means to evaluate the presence
of chemical substances of interest [3]. Additionally, and as highlighted by the adage
“a picture is worth a thousand words” [4], the laser ablation imaging [5S] is another
excellent option to greatly enhance the understanding of a studied system.

Then, this Chapter is devoted to elemental analysis, focusing on not only laser
ablation ICP-MS and LIBS for qualitative and quantitative analysis, but also on
imaging the results obtained from those analyses. Particular emphasis is placed on
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the discussion regarding the instrumentation, some processes involved in the image
acquisition and formation, and also on the analytical results and figures of merit
for a diversity of methods involving different areas as geochemical, environmental,
biological, medical, and forensic. Some trends aspects and perspectives in the
application of laser in chemical analysis are also the focus of this Chapter.

2. Laser-induced breakdown spectroscopy (LIBS)

The spectrochemical analysis exploits the electronic quantized transitions,
which are characteristic of each individual element. An energy source (i.e. flame,
plasma, laser, arc) can excite atomic species that emit specific wavelengths or
frequencies upon returning to their fundamental state. The emitted light is spec-
trally resolved and detected to determine the elemental composition of the sample.
The use of laser for the ablation process in the spectrochemical and elemental
analysis was first proposed by Brech and Cross in 1962 [6]. At that time, the lumi-
nous plume produced by the ruby laser on the surface of metallic and non-metallic
materials was able to remove a small mass of the target in the form of atoms and
small particles, but too weak to provide usable spectra. Thus, an auxiliary electrical
spark for excitation of vaporized and atomized material was added [7]. This study
marks the conception of laser-induced breakdown spectroscopy (LIBS). Although
the instrumentation proposed by Brech and Cross was soon commercially available,
the interest in using LIBS rise in the 1980s. Advances in technology, more specifi-
cally the development of powerful and robust lasers, high-resolution optics, high
sensitive detectors, and fast electronics for data acquisition have all contributed to
its acceptance in routine analysis and increasing adoption as a cost-effective alterna-
tive analytical technique. Besides the ablation of the sample surface, using powerful
modern lasers a microplasma is formed that excites the ablated atoms, ions, and
molecular fragments. The plasma continues this excitation, and can also vaporize
small ablated particles, atomize and excite atoms, ions, and molecules obtaining a
rich emission spectrum used for qualitative and quantitative analysis [8]. LIBS isa
highly versatile and adaptable spectroscopy technique. It has increasingly become
a powerful tool for fast multi-elemental analysis in several fields of applications
such as industrial, agriculture, environmental, food, geological, and biomedical.
The growing interest on LIBS is probably due to the simplicity of the technique and
instrumentation as sampling and subsequent excitation of atoms, ions and mol-
ecules rapidly occurs in one step and in the same system, i.e. there is no transporta-
tion of ablated material to another instrument as in LA-ICP-MS. It is a universal
technique because any type of sample can yield a LIBS spectrum [8, 9]. The most
notorious advantages of LIBS are the direct solid analysis capability, the quasi non-
destructive analysis, and the portable instruments for analysis in the field. On the
other hand, the technique presents limited detectability and it is not useful for trace
element analysis unless physical and chemical enhancement strategies are applied
to overcome this drawback.

2.1 Fundamentals and principals of operation

In practice, LIBS is a very simple spectroscopic technique to implement. A high-
powered density pulsed laser beam is focused through lenses in (liquid or gaseous)
or on (solid) the sample to produce dielectric breakdown leading to plasma forma-
tion. Plasma is a partially ionized gas containing atoms, ions and free electrons,
and electrically neutral. Once initiated, the plasma induces the ablation of a finite
quantity of the sample surface to a condition that may then be excited by the energy
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supplied by the same pulse or by a subsequent pulse of the laser beam (double pulse
strategy) [9, 10]. Excitation is followed by emission of electromagnetic radiation
which is collected, often through a fiber optic cable, and directed into a spectrom-
eter where it is spectrally resolved and further instrumentally detected.

The interaction between a laser pulse and mater to create LIBS plasmas involves
a process dependent on characteristics of both the laser, e.g. wavelength, irradiance
and pulse duration, and the sample, e.g. gases, liquids, and solids, which can be
conductive and non-conductive samples. When the laser pulse in the nanosecond
time regime reaches the sample, the dominant mechanism is the thermal ionization
process [9, 10]. A process of scattering transfers the laser energy to the lattice of the
spot targeted on the sample causing the melting and generation of larger particles,
thus enlarging the size distribution of the aerosol particles [11]. Plasma life stages
include plasma ignition, plasma expansion and cooling and particle ejection and
condensation. The physics of the plasma generation, evolution, and termination
processes are complex. In the case of the analysis of solid samples, i.e. the majority
of LIBS applications, plasma is initiated when the power density of the laser exceeds
the breaking limit of a solid surface. In general, irradiance above 10° W cm ™ is
needed. The breakdown is promoted by the intense electric field gradient of the
laser, and atoms, ions, and electrons result from the deposition of energy into the
target. Afterward, a high-pressure vapor is produced while the plume compresses
the surrounding gas. A shockwave at supersonic speed is generated from the surface
towards the surrounding atmosphere during vapor expansion. The absorption of
the incident laser energy and transfer to the plasma occurs through the inverse
Bremsstrahlung absorption involving interactions between free electrons, atoms,
and ions. Free electrons in the hot vapor absorb photons from the incident laser
increasing their kinetic energy to ionize additional atoms by collisions. The new
electrons absorb more photons from the remaining pulse so that a cascade of ioniza-
tion is generated [8-10]. Plasma is created having distinctive characteristics, high
temperatures (10.000 K), and high electron densities (>10Y cm™3). The removed
material in the ablation process of the solid samples contributes to plasma forma-
tion and expansion. In fact, the plasma is only sustained due to the presence of the
ablated material [9]. The plasma expands in a similar way the initial breakdown
occurs, at supersonic velocities producing a shockwave, also through the process
of inverse Bremsstrahlung absorption. Meanwhile, electron number density and
temperature of the plasma changes. The remaining laser energy from the laser
duration of the pulse is continuously absorbed by the plasma. Collisions with the
surrounding gas reduce plasma velocity of propagation, and then plasma cools
down by self-absorption and recombination between electrons and ions, generating
neutral species and clusters after plasma extinction [8-10]. Part of ablated mass are
particles and these particles create condensed vapor, liquid sample ejection, and
solid sample exfoliation, not interesting for LIBS analysis [10].

After 10 sand 10~® s of the ignition, plasma induced by laser in the nanosecond
regime becomes opaque due to laser pulse absorption by electrons in the plasma.
It reduces the ablation rate because only a fraction of radiation reaches the sample
surface. This phenomenon is called shielding and induces a crater with melted and
deposited material around it [10]. Meanwhile, plasma is reheated, and the lifetime
and size of plasma are higher. On the other hand, ultra-short pulses (femtoseconds)
lead minimum plasma shielding and crater with highly defined edges without
melted or deposited materials [9, 10]. This regime of pulse is too short to induce
thermal effects in the breakdown process. Electronic excitation and ionization, and
Coulomb explosion, are the main bond breaking and plasma ignition mechanisms,
making the ablation mechanism mostly based on photochemical reactions result-
ing in vaporization presenting sharper size-distribution solid aerosol than those

139



Practical Applications of Laser Ablation

generated by nanosecond lasers [11]. In the case of picosecond laser pulses, both
thermal and nonthermal processes can occur depending on the laser irradiance.

Initially, the emission spectrum is dominated by a background continuum, while
ionic and atomic emission increases with time. The continuum is the main source
of background signal (BG) in LIBS, which predominates at the first instants of the
plasma life [12]. It is a result of the bremsstrahlung emission (radiant loss of energy
due to electron deceleration) and banding (e.g. OH, N*, NH, and NO). A delay
time is required to start analytical measurement to avoid high continuous emission.
The decrease in the emission intensity of the continuum occurs at a higher rate than
the excited atoms or ions in the plasma. Thus, temporal separation is feasible and
detectability is improved. In LIBS analysis, the delay time must be experimentally
evaluated in order to obtain maximum signal-to-background ratio [12].

Undesirable matrix effects may lead to inaccurate determinations and lower
sensitivity. These are usually a consequence of i) physical properties of the sample
which change the ablation parameters altering the amount of ablated mass, ii) the
presence of an element alters the emission features of another one, and #ii) the
plasma-—particle interaction processes, which are time and space-dependent due to
the transient nature of the plasma and its spatial inhomogeneity [13]. Elemental
fractionation is defined as a non-stoichiometric effect which also depreciates the
quality of the results [10, 13]. It occurs when the ablated material failure to rep-
resent the real composition of a sample due to preferential evaporation of volatile
elements, selective segregation, surface temperature distribution inhomogeneity,
among others. Elemental fractionation and matrix effects in laser sampling-based
spectrometry methods have been discussed in detail by Zhang et al. [14]. Adequate
laser wavelength, energy density, pulse width, and proper calibration using stan-
dard reference materials with known composition and matrix-matching strategy
can overcome these drawbacks. An advantage of LIBS compared to LA-ICP-MS
is fractionation can occur only during ablation, as there is no transportation of
ablated material from ablation chamber to excitation/ionization source, or from
ICP to mass spectrometer.

Plasma optical thickness is an important parameter in laser-induced plasmas.
The emitted radiation is successively reabsorbed by atoms/ions located in the coldest
plasma region leading to self-absorption and pronounced non-linear effects [15]. The
plasma is called optically thick and usually occurs for the most intense emission lines
of elements and for less intense emission lines at higher elemental concentrations.

2.2 Instrumentation

The main components of a generalized LIBS apparatus include (i) laser source;
(ii) focusing lenses; (iii) sample support; (iv) optical fiber; (v) spectrometer
(vi) detector and (vii) computer for precise control of temporal events, such as:
pulse trigger laser and spectrum recording. In the case of a particular application,
the specification of each component may be considered and changed. Elements to be
monitored, expected concentration, type of analysis (quali or quantitative), sample
characteristic (physical state, homogeneity and matrix composition) are common
factors to consider when selecting the instrumental specifications.

The laser source generates the laser beam, which main properties are the wave-
length and pulse width, both dependent on the laser source and its technological
developments. The initial works employing laser in the chemical analysis used
visible and infrared (IR) laser sources, such as 693 nm ruby [7, 16] and 1064 nm
Nd:YAG (neodymium-doped yttrium aluminum garnet) [17] with a pulse width of
ps and ns, respectively. However, further researches demonstrated that the ablation
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efficiency of transparent samples using visible or IR wavelengths was harmed due
to the poor absorbance of the laser energy by these types of samples.

The evolution of optical technologies led the development of Nd:YAG with
wavelengths of 266 and 213 nm by quadrupling and quintupling, respectively,
the natural frequency of the Nd:YAG emitted laser. On the other hand, the use of
gas excimer as a laser source also enhanced the possibilities of shorter laser wave-
lengths, such as 193 and 157 nm ArF lasers, which works in the deep-UV region
[8-10]. As previously mentioned, the pulse duration is also an important parameter
of the laser beam and impacts on the mechanism of interaction between the laser
beam and the solid target, the amount of the ablated material, and the crater shape
[8-10]. Nowadays, the typical pulsed laser used in LIBS works with a pulse width of
nanoseconds or femtoseconds. The best type of laser used for LIBS depends on the
application and the desired laser wavelength and pulse duration.

Laser pulses can be focused on the sample using lenses or mirrors. Focal length,
diameter, and material are important parameters to achieve minimum spot size
(highest power density on target), maximum transmission, and minimum back
reflections. For systems requiring an adjustable focus, i.e. lens-to-sample distance
may change, a multi-lens system may be required [17]. The collection of the emitted
radiation and direct it into the spectrometer is possible by employing lenses and
fiber optic or only lenses. Fiber optic transmits the light using total internal reflec-
tion, and it is especially useful when the detection system cannot be positioned
close to the sample target [17]. A combination of lens and fiber optic is typical
as the lens collimates the emitted light improving the focalization into the fiber
probe [10].

Once emitted light by the plasma reaches the spectrometer, it is diffracted in
order to obtain spectra in terms of signal intensity as a function of wavelength.
Czerny Turner is a sequential dispersive system that combines two collimating mir-
rors and one grating, while Paschen-Runge optics use a concave grating to separate
wavelengths allowing simultaneous multielement analysis. Although both designs
have been employed in LIBS for many years, Czerny Turner optical mounting is
limited by the monoelemental characteristic in which sequential multielemental
analysis is impossible in the case of inhomogeneous samples as the elemental com-
position varies shot to shot, and Paschen-Runge presents relatively low resolution
[9]. High-resolution and high spectral coverage devices are essential in LIBS due to
the complexity of the emission spectra. Echelle optics combine a low-density grat-
ing with a prism and is called an order-sorting device, i.e. light is diffracted in two
dimensions. It offers typical spectral bandwidth of 5 pm and high spectral coverage
emission, approximately from 200 to 900 nm, which can be recorded with a single
laser pulse. In recent years, the Echelle spectrograph has been more extensively
used, but require a two-dimensional detector [10, 17].

Detectors devices convert the diffracted optical signal into an electric signal.
Photodiodes multiply the current produced by incident light striking photocathode
by multiple dynode stages. This is the simplest and inexpensive device but useful
only for one-dimensional spatial information from the spectrometer (e.g. Czerny
Turner and Paschen-Runge). On the other hand, charge-coupled device (CCD) is
constituted by a bi-dimensional configuration of several sensors, each made up of
three electrodes over a common substrate of p-type silicon, which allow the acquisi-
tion of two-dimensional spatial information obtained by the Echelle system. More
recently proposed, intensified CCD (ICCD) is a CCD coupled to microchannel
plates to provide time-gated detection of the laser plasma [8-10]. Thus, time-
resolved detection down to a few nanoseconds is possible, which is essential to avoid
high continuous emission [17].
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2.3 Analytical features and strategies to improve sensitivity

The majority of LIBS measurements involve the analysis of solids. Some applica-
tions are limited by the relatively low sensitivity of the technique. Limits of detec-
tion of LIBS usually range from 1 to 100 parts per million (mg kg™). Therefore,
most applications are focus on major elements, as the technique cannot meet the
demands for the detection of trace elemental analysis (parts per billion, pg kg™).
Physical and chemical strategies have been demonstrated to enhance the LIBS
detection limits and sensitivity [18]. Increased plasma temperature and electron
density are achieved by double-pulse laser method using two laser sources, the
use of spatial and magnetic constraint devices, and controlling the atmosphere in
which the sample is placed with inert gas (e.g., N,, Ar, and He) [19]. Nanoparticles
(NPs) deposited on surfaces of the solid samples favors ablation processes which
mechanisms differ for conductors and insulators samples. For liquid sample
analysis, liquid-liquid extraction, liquid-solid conversion, and surface-enhanced
LIBS (liquid sample is dried onto the surface of a selected solid substrate before
the analysis) have been exploited to overcome problems due to laser-liquid sample
interaction, laser energy dissipation, low plasma temperature and sample splashing
which depreciate repeatability and reproducibility. The reader is referred to a recent
review paper by Fu et al. [18].

The possibility of measuring the molecular emission in LIBS allows the deter-
mination of some non-metallic elements from emission bands of diatomic mol-
ecules, e.g. fluorine and chlorine have been detected by the emission of CaF, BaF,
MgF, CaCl, SrCl, or MgCl [20, 21]. Isotopic analysis based on the discrimination
between emission bands of molecules formed by two different isotopes has been
reported. The different masses of the isotopes affect the vibrational and rotational
energy levels results in molecular isotopic shifts which are exploited in the isotopic
determinations [21].

Different data acquisition modes are possible in LIBS analysis and it is selected
depending on the goal of the experiment. Using just one laser pulse or using repeti-
tive laser pulses, localized microanalysis with lateral and depth profiling informa-
tion is easily obtained. For image-based analysis, a generation of a series of plasmas
at different positions on the sample following a scan sequence is necessary. Most
of LIBS imaging instruments rely on an XY stage that moves the sample instead of
moving the laser beam because of a greater collection efficiency from a fixed plasma
plume. LIBS imaging analysis is later discussed in this text, and additional informa-
tion can be found in the review by Jolivet et al. [22].

An important innovation in LIBS is the handheld instruments commercially
available for analysis in the field, especially useful when the sample cannot be
moved. Some instruments present capability of chemometric analysis by means of
proprietary software, video targeting, and an argon purge of atmosphere neighbor-
ing the target in order to improve sensitivity. Applications in agriculture, environ-
ment, industry, and cultural heritage can provide information to solve important
economic and historical issues. An impressive breakthrough of this technique is the
use in planetary geology on a Mars mission for remote sensing.

3. Laser ablation inductively coupled plasma mass spectrometry:
LA-ICP-MS

With the development of laser technologies and the increasing demand for
specific applications in the direct analysis of solids, in 1985 Alan Gray [16] dem-

onstrated the coupling between a ruby laser ablation system with an inductively
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coupled plasma mass spectrometer (LA-ICP-MS) for monitoring Si, Al, Fe, Ca, Mg,
Na, K, Mn, and Ti in pelletized standard powdered rock samples. Since its applica-
tion, the area has been growing and one indicator of that is the number of scientific
works published: more than 15,000 research papers related to LA-ICP-MS in the last
6 years (source: www.sciencedirect.com, September 10th, 2020).

The interest in the LA-ICP-MS technique is related to its impressive characteris-
tics, such as the possibility to acquire elemental and isotopic information by direct
sampling of nano, and even pico or femtograms of solid materials in the micro-
metric scale, and limits of detection around low parts per million (in some specific
cases hundreds of parts per billion). Additionally, the image-based analysis to study
sample heterogeneity and elemental or isotopic distribution in a surface contributed
to its acceptance [23, 24]. These almost unique characteristics permit the use of
LA-ICP-MS in many fields of science, such as geochemistry, forensic, environmen-
tal, materials, medical, and biological, in specific applications that were not possible
by conventional elemental analysis and sample pretreatment.

3.1 Principles of operation

The LA-ICP-MS technique works based on the coupling of a solid sampling
system, the LA system, with a powerful elemental/isotopic analytical technique,
the ICP-MS. A high-power laser beam, focused on the sample surface through an
optical system promotes a huge and instant increase of the temperature of the target
sample and transfers a discrete sample volume to the vapor phase. A solid aerosol
is generated in an ablation chamber because of this interaction between the laser
beam and the sample, and this process is named laser ablation [2, 25].

The solid aerosol generated carries the information of the elemental and isotopic
composition of the sample ablated (analytes and matrix components). To acquire
this information in terms of analytical data, the aerosol is transferred to the ICP-MS
by a gas stream through a connection tube to the ICP. In the ICP, a high-temperature
argon plasma induced by a radiofrequency, the aerosol is digested, and its solid
constituents are vaporized, atomized, and ionized [2, 25].

The ions generated into the ICP are extracted, through the interface region, to the
mass spectrometer (MS), the instrumental component responsible to separate and
detect these ions. After the extraction by the interface region, the ion optics conduces
the ion beam up to the mass analyzer device, a high vacuum region in which separa-
tion of the ions based on its mass-to-charge ratio (m/z) occurs. The ions are further
detected by a specific detector that generates an electric impulse due to the interaction
of the ions on its surface [2, 25].

The analytical signal profile observed in a typical LA-ICP-MS analysis is a
transient signal characterized, in general, by the counts per second (intensity) of
the monitored ion as a function of the ablation time. The specific characteristics of
the LA-ICP-MS instruments available for chemical analysis are dependent on each
instrumental component type and its principles of operation discussed in the next
sub-section.

3.2 Instrumentation and its fundamental characteristics

As mentioned before, the LA-ICP-MS permits different instrumental setups that
can impact on mechanisms of the interaction between the laser beam and the solid
sample, the separation of the ions in the mass analyzer, and the analytical response
of the instrument during analysis. The main components of LA-ICP-MS instrument
are the laser source, ablation chamber equipped with a CCD camera, and transport
tubing connected to the ICP-MS. The ICP-MS, in turn, can be composed of different
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mass analyzer types, which presents specific analytical features, and the detector.
The main characteristics of each LA-ICP-MS component are discussed below, focus-
ing on principles of operation, commenting on the potentialities and limitations, as
well as its technological developments and improvements.

3.2.1 Laser ablation system

The laser source is the heart of a laser ablation system because it confers the
main properties of the laser beam and thus, the main characteristic of the ablated
material. It was previously mentioned, in the LIBS section, the coupling between
laser radiation and the solid sample surface promotes the ablation depending
mainly on the laser wavelength and pulse width. Readers are referred to as sections
2.2 and 2.3. Besides the efficient coupling, these parameters impact the size-dis-
tribution of the aerosol particles and the crater shape. In general, the ablation rate
increases by increasing the laser energy (shorter wavelengths), and smaller par-
ticles of the solid aerosol are obtained using femtosecond lasers, which are required
to guarantee the efficiency of the transport and posterior digestion of these
particles into the ICP. The most common pulsed laser used in LA-ICP-MS present
nanoseconds or femtoseconds pulse width and short wavelengths (e.g. 213 nm, 5th
harmonic solid-state Nd:YAG laser).

Different from LIBS which sample holder can be open support, in LA coupled
systems, such as LA-ICP-MS, a closed gas-tight compartment denominated ablation
chamber is required. The ablation process occurs in the ablation chamber, which
presents a transparent window in the wavelength of the laser beam, and the gas
streaming transports the aerosol to the ICP. The ablation chamber is coupled to a
CCD camera to improve sample visualization and to define the specific position of
the sampling target on the sample surface using the LA software. The types of abla-
tion cell designs are vast, including commercial and customized, but some require-
ments are needed for the efficiency of the role of ablation chambers.

In general, ablation chambers must provide a gas environment that permits an
expansion of the aerosol generated to ensure a small-size particle-distribution,
and an adequate gas-flow for an efficient transport of the solid aerosol to the ICP
avoiding memory and fractionation effects. Thus, the ablation volume, the flow
dynamics of the gas stream, and the diameter and length of the transport tube
are determinant for the features of an efficient ablation chamber [26]. The carrier
gas also plays an important role in chemical analysis. Lighter carrier gases, such as
helium, improves the efficiency of the ablation process and particle transportation
enhancing sensitivity of the analytical method and reducing drawbacks related to
fractionation in the transport process [27]. Recent developments in the design of
low dispersion systems, rapid response ablation cells and their impact on bioimag-
ing applications was recently discussed by Van Malderen et al. [28].

3.2.2 ICP and mass analyzer devices

LA system generates a laser beam that is responsible for removing an amount
of sample and transferring its constituents to the vapor phase. From this point, is
the role of the ICP-MS to analyze this material and provide analytical information
regarding its elemental and isotopic composition. Because the analytical entities
monitored by ICP-MS are mainly mono-charged positive ions, ICP-MS instruments
must first be able to generate ions from the aerosol constituents of the sample. The
ICP’s are ion sources in which plasmas are produced by the energy transferred from
aradiofrequency generator to a gas flow into a concentric quartz tube (torch) viaa
magnetic field through an induction coil [29]. The plasma has the ability to ionize
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most atoms of the elements presented in the periodic table due to its high-tempera-
ture (around 10,000 K) and high electron density. The inductively coupled plasma
formation mechanism will not be discussed in this chapter, but we encourage the
readers to look for it in Thomas, 2013 [30].

As the ions of the sample composition are formed in the plasma, including the
analytes and concomitants, they are conducted towards the interface region to enter
the mass spectrometer. This interface region is composed of metallic cones, nor-
mally two (sampler and skimmer cones) which extracts these ions. Then, ions go to
the mass spectrometer via the ion optics, which are a set of electrostatic lenses that
conduce the positive ions to the mass analyzer, and deviates the neutral and nega-
tive species, as well as the photons [30].

The heart of the mass spectrometer is the mass analyzer. This component
has the function to, based on the mass-to-charge ratio, separate the analyte ions
from concomitants, permitting the detector count and acquire the abundancy of
the specific element under analysis. For this, there are different arranges of mass
analyzers with their principles of operation to separate the ions. The most employed
mass analyzer types in LA-ICP-MS are quadrupole systems, magnetic sector, and
time-of-flight [30].

The quadrupole system is composed of two pairs of metallic bars, positioned
oppositely. It operates as a mass analyzer by applying specific direct and alternate
current (AC/DC) in the pair of rods that in consequence, for each specific AC/DC
applied, only the desirable m/z of the ions presents a stable trajectory in the quad-
rupole, reaching the detector. The trajectory of the other ions will be unstable and
will exit the quadrupole before reaching the detector. This mass selection occurs
sequentially, and each m/z determined has an optimum AC/DC voltage applied on
the quadrupole. This characteristic, as well as the design of the quadrupole, confers
a resolution ranging from 0.7-1.0 a.m.u. It is possible to optimize the parameters of
quadrupole to increase the mass resolution, but a compromise with the sensitivity
must be attempted. This relatively low resolution impacts some applications due
to the interferences that can be present in the analysis. Some isobaric and poly-
atomic species formed in the plasma can present the same m/z of the analyte and
then depreciate the accuracy of the analysis. For this, the new quadrupole-based
ICP-MS’s presents a collision/reaction cell or interface that uses a reactive or non-
reactive gas to break polyatomic interference species, reduce their kinetic energy or
react with the analyte generating a new analyte ion free of interference, then allow-
ing accurate results. Although the limitations of single quadrupole devices in terms
of resolution, the low price, and suitability for most quantitative applications make
it the most widely used mass analyzer in ICP-MS analysis. The newest inductively
coupled plasma tandem mass spectrometry, popularly called triple-quadrupole
ICP-MS presents an additional quadrupole located before the collision/reaction cell.
It confers the possibility to filter non-analyte ions in the first quadrupole, prevent-
ing the production of unwanted species that could immediately interfere on the m/z
of interest and the second mass analyzer to deal with interferences using mass-shift
or on-mass strategies. It has shown great results of accuracy in some specific dif-
ficult applications for single quadrupole ICP-MS [30].

Another mass analyzer type is the double-focusing magnetic sector technology.
This mass analyzer device operates with two analyzers, a magnetic and an electro-
static. This design of mass analyzer presents greater resolution and interference
overcoming compared to the quadrupole, and is applied in studies that need this
resolution, such as isotopic ratio monitoring and analyte quantification in complex
samples. The principles of m/z separation in such mass analyzer are based on the
dependence of the deflection angle of the ion beam by a magnetic field to the mass
of the ions, and the alignment of the ions with the same m/z in the electrostatic
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field, due to its kinetic energy. The combination of these two mechanisms of separa-
tion improves the resolution and the precision of the measurements. With a single
detector, the mass separation is sequential, by varying the magnetic field in the
deflection separation, allowing a specific m/z at a time to reach the outer slit and
the detector. But, if this double-focused magnetic sector technology is arranged
with an electrostatic sector field followed by a magnetic sector field and a detector
plane, known as multi-collector, the detection of the ions is simultaneous and the
precision of the ion measurement is improved. This technology is the state-of-
the-art instrumentation for high precise and accurate isotopic ratio studies. The
disadvantages of the double-focusing magnetic sector technology are related to the
price of these instruments and, in the case of multi-collector, the loss of resolution,
impacting on the analysis of complex matrices [30].

The last discussed mass analyzer technology is the time-of-flight (ToF) mass
analyzer. Its principles of operation are based on the velocity dependence of the ions
to the m/z, for ions generated at the same time and with the same kinetic energy.
For this, packages of ions are simultaneously introduced in the mass analyzer by
a specific ion optics, and, in a flight tube, the package of ions is accelerated due
to a constant voltage, through a known distance. As the kinetic energy of the ions
is the same, they will reach the detector in different times-of-flight due to their
differences in m/z. In general, lighter isotopes reach the detector first, followed
by medium m/z ions and, finally, heavier ions. These principles of operation can
produce 20,000 mass spectra per second and, in contrast with the quadrupole
technology, there is no dependence on the resolution and the sensitivity for the ToF
analyzers. So, it came in the scientific community as an instrument with higher
resolution compared with the quadrupole system, faster and is applicable not only
for isotope ratio studies but also for fast qualitative screening and quantitative
analysis of complex matrices [30].

As can be seen, there are many possibilities of LA-ICP-MS setup, whether the
LA system, with the properties of the laser source and ablation chamber, or the
ICP-MS specificities, such as the ICP conditions, mass analyzer devices, and their
particularities, not mentioning the detector types, that are not less important, but
were not discussed in this chapter due to de variety of designs in the market. In this
way, LA-ICP-MS hardware’s designs will provide specific analytical features for each
instrument setup, that will be commented in general in the next sub-section, to a
better understanding of LA-ICP-MS potentialities and limitations.

An innovative approach that exploits the combination of the two techniques,
LIBS and LA-ICP-MS, is known as Tandem LA/LIBS and commercially available
(Figure1). It provides simultaneous and complementary information for total and
spatially resolved mapping of major and trace elements. Emission spectra are simul-
taneously monitored from the micro plasma created by the laser during ablation/
sampling.

3.3 Analytical features, challenges and limitations

The capabilities of LA-ICP-MS as an analytical technique starts with the
characteristics of the LA system. It has the ability to direct sampling with micro-
metric spatial resolution, varying from 4 to 200 pm in most instruments. As the
ablation chamber can move on the axis x and y, the ablation can be performed in
spot analysis and also by making ablation lines over the sample area of interest,
and this is the sampling principle for image-based LA-ICP-MS applications later
discussed [2, 24, 25].

For quantitative applications, and especially using quadrupole-based
ICP-MS, the LA-ICP-MS can achieve a precision of 2-5% for the determination
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Schematic diagram of the for simultaneous LIBS and LA-ICP-MS.

of homogeneous elements in solid samples. For isotopic ratio studies and using
double-focusing magnetic sector ICP-MS with multi-collector, the LA-ICP-MS
allows a precision, in some cases, of 0.001-0.005% in the isotope ratio measure-
ment. For heterogeneous samples, the precision is not the goal of the analysis, but
the evaluation of the elemental distribution and its concentration in different areas
of the sample [2, 24, 25].

In terms of limits of detection, it varies depending on the sample matrix and
instrumental setup employed, usually ranging from hundreds of ng g™* to a few g
g™ Due to its limit of detection and the low mass ablated, LA-ICP-MS can cover a
wide range of concentration, allowing the determination of trace, micro and major
elements directly in the solid sample analyzed [2, 24, 25].

Although the potentiality of LA-ICP-MS, there are some drawbacks that the
scientific community have devoted effort to overcome, and that the users must give
special attention. The critical limitations of LA-ICP-MS are derived from the nature
of the interaction between the laser beam and the solid sample and the transport
process of the solid aerosol generated through the ICP. Since the mass removed by
the laser beam is dependent on the matrix of the sample and the characteristics of
LA system and parameters (laser fluence, spot size diameter, and repetition rate),
thus, the analytical signal obtained in the ICP-MS is also matrix-dependent. This
fact impacts the accuracy of the analytical method, which will be achieved in the
condition that the same mass is ablated from the sample and the calibration stan-
dards, and the analyte undergoes the same transportation effects and processes in
the plasma until be ionized [2, 25].

However, it is not simple to achieve a suitable solid calibration standard for the
vast sample matrices that are analyzed by LA-ICP-MS. The ideal condition is the
use of certified reference materials (CRMs), but a limited number of matrix types
is available as CRM. It is especially difficult for the analysis of heterogeneous and
non-powdered samples. To overcome this drawback, the scientific community has
been studying different approaches to calibration. The main strategies are the use
of matrix-matched materials, such as lab-made standards, by spiking the analytes
in the powdered material that has approximately the same composition of the
sample, drying and pressing it into a pellet. In the case of non-matrix-matched
standards, solution-based strategies are employed, for example, the use of solu-
tion nebulization of liquid standard and mixing it with the aerosol of the sample,
to calibrate the method. In all these cases, the homogeneity of the standard must
be monitored to guarantee the analytical performance of the external calibration
procedure. Additionally, internal standardization is usually needed to correct signal
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fluctuations during the analysis. A detailed review of calibration strategies for
LA-ICP-MS quantification method was written by Miliszkiewicz et al. [31], and can
be checked for more information about calibration strategies [2, 25].

Another drawback in LA-ICP-MS analysis is the fractionation that can occur in
an ablation procedure or transport process. As previously mentioned in the LIBS
section of this chapter, femtosecond UV lasers could suppress this effect, due to the
minimization of the thermal process during the ablation. Aligned with the femto-
second UV laser, a well-designed ablation chamber and transport tubing will permit
the small size distribution of the aerosol particles, avoiding fractionation during the
ablation and the transportation through the ICP. Another point, and not less impor-
tant, the optimization of the LA-ICP-MS instrument parameters are recommended
to guarantee its suitability to the sample matrix analyzed. Such parameters are the
laser frequency, spot size diameter, repetition rate, carrier gas flow rate, auxiliary
gas flow rate, and radiofrequency power [2, 25].

In spite of these limitations, a careful dealing with LA-ICP-MS analysis, fol-
lowed by an adequate optimization of the instrumental parameters, monitoring the
possible sources of analyte fractionation, and a suitable calibration strategy allow
the LA-ICP-MS users to achieve impressive information of solid samples that could
not be accessed using traditional solution-based ICP-MS analysis, enlarging the
possibilities of application.

3.4 LA-ICP-MS applications

The fields of science that LA-ICP-MS is applicable are vast, including forensic,
environmental, materials, biological, geological, etc. Although the image-based
analysis using LA-ICP-MS composes the state-of-the-art of this technique, the
use of LA-ICP-MS in studies involving total elemental analysis are also useful and
confers interesting information about plenty kinds of samples that are pointed out
above.

The use of LA-ICP-MS in forensic science can provide information of crime
evidence without destructing the sample (usually obtained in a small amount).
For example, the elemental composition of tape packaging samples could be used
to classify them according to their origin rolls [32], and the elemental composition
of glass evidence also allows for forensic crime elucidation [33]. The analyses of
difficult to prepare samples are feasible using LA-ICP-MS, which is the case of hair
samples. Ash and He [34] demonstrated that LA-ICP-MS was used to understand
the poisoning dynamics of thallium in a criminal case, including understanding
the increasing of doses of poison and the time interval. Levels of Cu, Zn, and Hg
monitored in hair samples of different grizzly bears showed adequate correlation
with the duration of salmon consumption and the amount of it [35], which is an
important environmental monitoring method of mammal’s wildlife.

LA-ICP-MS is applied also in conjunction with separation techniques, such as
thin-layer chromatography (TLC), to improve the quality of the data. The use of
TLC-LA-ICP-MS could provide quantitative information of gold nanoparticles
(AuNPs) by separating them from gold ions, as well as AuNP size information by
using a specific mobile phase in the TLC separation [36]. TLC was also employed
in fractionation studies of S, Ni, and V in petroleum using LA-sector field
ICP-MS [37].

The reader is referred to critical reviews of recent LA-ICP-MS applications, such
as by Lobo et al. [38], where isotopic analysis in biological studies are discussed; or
Limbeck et al. [39], where the challenges and advances in the quantitative analysis
are detailed. Another interesting work by Pozebon et al. [40] demonstrates the
use of LA-ICP-MS analysis of biological samples bringing information of novel
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developments in instrumentation, methods of calibration, and applications in
modern demands, such as single-cell analysis and NP uptake.

4. Elemental distribution imaging via LA-ICP-MS and LIBS techniques

Images are present in daily life of the population in different contexts, such as
through the image created by the eyes, enabling observation of the environmental
around us; through pictures and photographs that record different personal or
historical moments; and also, via magnetic resonance imaging (MRI) or X-ray com-
puted tomography (CT) which contribute to medical diagnostics. In the chemistry
context, imaging is a process that transforms the spectral information of atoms and
molecules present in the solid sample surface, in a high resolution image through
the application of powerful spectral techniques as LA-ICP-MS, LIBS, Raman [41],
X-Ray Spectroscopy [42] and Secondary Ion Mass Spectrometry (SIMS) [43].

For the LA-ICP-MS and LIBS techniques, the imaging process occurs through
the applications of laser pulses directed at specific regions of the sample surface (xy
coordinate), via point by point or continuous lines performing the chemical mea-
surements and obtaining spectral information of the region of interest [22, 44]. In
this case, a document (.txt or .log format, for example) is generated for each point
or a line containing the signal intensity data of all the elements measured [45]. Due
to the complexity and a large number of data obtained, appropriate software for
data processing is required to separate the information and generate a data matrix,
thus allowing the generation of a final image for each element. A two (2D) ora
three (3D) dimensions image can be created for each element in the sample. The 2D
image is equivalent just to the surface image and the signal intensity or concentra-
tion of the analyte, obtained by the conventional method describe previously. The
3D image can be obtained in two ways, i) analyzing and combining each layer of the
sample (volume reconstruction of several 2D images), ii) repeated pulses of laser
in the same region, allowing in-depth elemental imaging [46]. The scheme of the
imaging process via LA-ICP-MS or LIBS can be seen in Figure 2.

There are different software for data processing and generation of chemical
images, such as Microsoft Excel, LA-iMageS [47], and MATLAB [48]. In the case
of LIBS imaging, the use of chemometrics tools has been a great ally in the data
treatment due to the complexity of the emission spectra data. Principal component
analysis (PCA) and partial least squares (PLS) are commonly used, and also can
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Figure 2.
Steps of the imaging process via LA-ICP-MS and LIBS. Final 3D and 2D nanoparticles images by Gimenez
et al. [46], reproduced with permission of Springer Nature.
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generate hyperspectral images [22, 49]. The final images are formed by a matrix of
pixels, represented by I(x,),2), in which x,) are the sample coordinates and 2, the
spectral information. Therefore, the number of pixels that will form the final image
will be directly related to the amount of information, image quality, and the spatial
resolution that the imaging process can provide.

The spatial resolution is the ability of the imaging method to distinguish two
points in the sample surface, also mentioned as lateral resolution. It is correlated
to the spot size and line scan direction, the x- and y-resolution. The x-resolution
(pm) is related to the scan direction and the pixel size of each data set, obtained by
multiplication of the scan speed and the acquisition time. The y-resolution (pm)
is correlated to the distance between the lines. Thus, the spatial resolution and,
consequently, the pixel size, is a result of the laser spot size, scan speed, acquisi-
tion time, and the distance between the measured lines or points. These param-
eters vary according to the application and optimized instrumental parameters.

It is important to mention that LA-ICP-MS and LIBS are considered high spatial
resolution techniques [48, 50, 51].

The imaging process has the advantage of accessing spatial and distribution
information of chemical species that would not be possible using the conventional
method of analysis, as atomic emission spectroscopy (AES) and inductively cou-
pled plasma mass spectrometry (ICP-MS). These techniques usually require sample
preparation steps, as decomposition and/or extraction, that cause destruction of the
sample and, consequently, of spatial information. One of the major limitations of
imaging via LA-ICP-MS and LIBS is the long data acquisition time, varying accord-
ing to the size of the analyzed sample, scan speed, and laser parameters, as well as
making the whole system result in representative images of the system in evaluation
[22, 44]. Quantitative imaging based on LIBS and LA-ICP-MS is still a challenge and
a controversial topic between researchers. Most methodologies are considered just
qualitative or semi-quantitative, but in the literature, it can be observed different
studies that aim to developed calibrations and mathematical strategies to transform
the relative intensity information into a quantitative image [46, 52]. The applicabil-
ity of the LA-ICP-MS and LIBS imaging can provide spatial chemical information to
solve problems in different areas of science as demonstrated in the next section.

4.1 Applications of elemental distribution imaging via LA-ICP-MS and LIBS

Biomedical researches and clinical diagnosis are some of the most important
areas of chemical imaging applications because is necessary to know the chemical
specie involved in different diseases and the specific localization in human tis-
sues, thus allowing specific drug development. Recent reviews of LIBS [22] and
LA-ICP-MS [53] imaging applied in medical science can be found in the literature.

Moncayo et al. applied LIBS imaging of human paraffin-embedded skin samples
as complementary biopsy with conventional histopathology sample preparation
to detect the differences of the spatial distribution of P, Mg, Na, Ca, Zn and Fe in
healthy and malignant skin tissues of cutaneous metastasis of melanoma, Merkell-
cell carcinoma (MCC) and squamous cell carcinoma (SCC). In this study, two
lens-fibred system and two spectrometers were used to realize the simultaneous
detection of all elements. The high-resolution images were obtained using laser
shots with 50 pm of step size and an acquisition time of 3 hours for each sample
with, approximately, 3cm” of the tumor area. As imaging results, high levels of
P were observed in all skins in the tumors areas; high levels of Ca and Zn were
noticed closest to the tumor and decrease in the areas away from the tumor in the
MCC; a gradient level of Ca and Mg in metastatic melanoma and Na, Mg and Zn in
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SCC were observed in the left area of the tumor, allowed proper identification and
discrimination of the three different skins analyzed by LIBS imaging [54].

Applying quantitative LA-ICP-MS imaging using line scan mode, the spot
diameter of 10 pm, 20 pm st scan speed, and matrix-matched calibration, Crone
et al. could evaluate the ineffectiveness of Pt drug-based in bone metastasis treat-
ment in a mouse tibia samples, in which are generally considered an unsatisfactory
and scarce treatment. According to the results, there is no efficient transport of the
drug into the bones, in which presented lowest concentration of Pt and, the high-
est concentration were found on the outside of the bone samples, confirming the
hypothesis that the Pt drug did not penetrate the bones [55].

Studies involving NPs has increased in the last years because of their versatility
of applications, such as in medical science (drug delivery, label method or immu-
notherapy) and environmental (nutrient or toxic transport) [55-57]. Imaging the
distribution of Ag, Cu, and Mn in soybean leaves cultivated in the presence or the
absence of AgNPs (40 nm average size) and also using AgNO; indicated Ag poor
translocation to leaves. Additionally, the homeostasis of Mn and Cu is highly affected
in plants cultivated in the presence of AgNO; compared to those cultivated in the
presence of AgNPs (Figure 3) [56]. Additionally, the study of bio-distribution of
NPs is a challenge because of their small size (< 100 nm), so high spatial resolution
imaging techniques present as promising assessment tools to evaluation at the
cellular level and macroscales.
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Figure 3.

Ag, Cu and Mn distributions in soybean leaves for the groups (A) control, (B) AgNO; and (C) AgNPs (total
silver at the end of cultivation is 12 mg kg™), using C* as the IS. Each real soybean leaf is presented on the top
of this figure [56] - reproduced by permission of The Royal Society of Chemistry [56].
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Krajcarovd et al. used double-pulse LIBS image mapping to verify the spatial
distribution of Ag* and AgNPs in a small root cross-section of Vicia faba and their
differences in transport efficiency. Ag" ions are toxic for plant tissues and the
AgNPs are the most used as an antimicrobial agent in many products applied in
plants. However, the later can interfere in the growth and biomass production if
absorbed by the roots of the plants. Using a 50 pm of image resolution, the authors
observed a clear difference between the localization of Ag* ions and AgNPs. AgNPs
were found in just one part of root layers, close to the rhizodermis, and had no
significant visual effects on the roots, just reduced the lateral root formation.
Meanwhile, Ag® presented higher signal intensities and homogeneous distribution
in the root cortex and caused reduced root lengths, darker color, and absence of
lateral roots [58].

LA-ICP-MS imaging and NPs was used by Cruz-Alonso et al. to evaluate
molecular distribution and quantification in human retina sections of 4 postmor-
tem donors. Gold nanoparticles were applied as antibody-conjugated nanoclusters
(Ab-AuNCs) to identify metallothioneins (MTs), which are protective to the
neural retinal cells against oxidative stress. The LA-ICP-MS quantitative imag-
ing (expressed in ng of MT g™*) was applied in line scan mode with 10 pm of spot
diameter and a matrix-matched analytical curve was used as a calibration strategy.
As the sample is a biological tissue, the authors replaced the commercial ablation
chamber by an in-house chamber with a reduced internal volume and cell tempera-
ture constant at —20°C, keeping the sample integrity. As results, the Ab-AuNCs
allowed observed that the MTs present distribution in some principals retinas
layers, known inner and outer nuclear layers and ganglion cells layers, as well as a
present different concentration between the 4 postmortem donors, which is cor-
related with the biological diversity characteristics of each individual patient [52].

Different applications of imaging process applied to environmental studies [22],
and translocation and accumulation of metals in plant tissues [59]. Paleoclimate
and geological researches developed important studies in environmental science
aiming to understand climate and environmental impacts using tree rings and
speleothems as natural archive samples. These samples present high temporal
resolution, allowing temporal reconstruction because changes in environmental
or climate conditions can interfere on growth periods and elemental composi-
tion. Locosseli et al. demonstrated with LA-ICP-MS imaging that the decrease
of Pb through the tree rings of Tipuana tipu (Fabaceae) could be correlated to
the decrease of Pb concentration in gasoline of Sdo Paulo (Brazil). In this study,
high-resolution scan mode with x-resolution of 31.5 pm, scan speed varying of
60-100 pm s, and LA-iMageS software was used [60].

A limitation in environmental studies is the small sample size that is allowed in
the ablation chamber used in LA-ICP-MS, limiting experimental sampling. As an
advantage of LIBS imaging, the ablation chamber does not be needed to be closed.
Recently, Cdceres et al. reported the development of a method that enables the cre-
ate megapixels elemental image of large speleothems (25 cm long) and coral (8 cm
long) surfaces by fast and high-resolution LIBS imaging. Approximately 360,000
pixels hour™" were obtained in a 10 pm of lateral resolution, 100 Hz (100 pixels s™)
as operation speed, and 8 hours per 2D imaging created with LasMap software. It
allowed the visualization of fibers and specific regions of coral with the Mg/Ca,
Sr/Ca and Na/Ca images, and according to the authors, the speleothems images
demonstrated that compositional variations of Sr/Ca and Mg/Ca are not random
but they result of variations of paleoenvironmental proxies [61].

As previously mentioned, LA-ICP-MS and LIBS can have the same initial
laser system (Figure 1), which is a multimodal method in the imaging process.

152



Laser Chemical Elemental Analysis: From Total to Images
DOI: http://dx.doi.org/10.5772/intechopen.94385

Figure 4.
Multimodal images of human tumor. Adapted from Bonta et al. [62] with permission from The Royal Society
of Chemistry.

This approach was applied for Bonta et al. to create an elemental mapping of biological
tissues with a tumor of human malignant pleural mesothelioma (MPM) (Figure 4).
Using a line scan with 40 pm of spot diameter, 40 pm of lateral resolution,
80 pm s of scan speed and the software ImageLab to create the images, the
authors observed that O, P, Zn, and Cu exhibit similar heterogeneous spatial
distribution in the tissue, with high signal intensity in the tumor region, correlated
with high number of activated proteins and their cofactors in this area. Different
elements were detected in the tumor area, the presence of Pt, originated from
common anti-cancer drug cisplatin, was detected in the healthy area, but not in the
tumor’s region [62]. This information would not be observed using a conventional
method of analysis via decomposition.

5. Conclusions

Remarkable research and developments in laser technology and atomic spec-
trometry have promoted LIBS and LA-ICP-MS techniques to the height of its
maturity in terms of both instrumentation and applications. Sensitivity, precision,
and accuracy have continuously been improved, and obviously dependent on
the experimental configurations used (type of laser, spectrometers, and detec-
tors). These techniques allow the direct analysis of solids which is a significant
advantage for the analysis of difficult-to-digest materials. High spatial resolution
capacity allows for detailed information of the sample surface composition. All
these features result in promising solutions for studies which the spatially resolved
elemental information are required to provide a better understanding of the
sample with significant advantages over conventional bulk analyses, such as in
medical, environmental and technological science. Because LIBS present simpler
instrumentation and an interesting trend is the portable instruments particularly
attractive for in situ applications such as in agriculture and environmental analysis.
Still, some researches focus on quantitative developments and calibration strategies
to overcome remaining drawbacks such as the lack of CRMs, matrix effects and
fractionation as well as multimodal system and isotopic analysis by LA-ICP-MS.

At this stage of development, we may point out that LA-ICP-MS and LIBS have
complementary analytical performances and may be considered as attractive alter-
natives for the analysis of both bulk samples and elemental imaging distribution.
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