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Preface

This book covers various aspects of using the laser ablation phenomenon for material proc-
essing including laser ablation applied for the deposition of thin films, for the synthesis of
nanomaterials, for the chemical compositional analysis, and for the surface modification of
materials. Through the 18 chapters written by experts from the international scientific com-
munity, the reader will have access to the most recent research and development findings
on laser ablation through original research studies and literature reviews. Chapter 1
presents an overview on laser ablation for the synthesis of thin films including the descrip-
tion of three main types of laser thin film deposition techniques: pulsed laser deposition
(PLD), combinatorial pulsed laser deposition (CPLD), and matrix assisted pulsed laser evap-
oration (MAPLE). The chapter uses a number of examples to illustrate the effect of process-
ing parameters on the quality and property of thin films, as well as the advantages and
disadvantages of thin film deposition by laser. Chapter 2 successfully exploits the use of
PLD to grow excellent quality and high performance thin phosphor films of Ca,.5R,.
x(MoO,),:xLn*, M* (R* = La, Y), (Ln* = Eu, Tb, Dy) (M" = Li*, K* and Na") for electrolumines-
cence and display applications. Chapter 3 describes the use of PLD to grow and control the
thermoelectric properties and novel topological surface states of bismuth chalcogenide (e.g.,
Bi,Te;, Bi,Se;, and Bi;Se,Te) thin films by varying ambient pressures and substrate tempera-
tures. Chapter 4 presents an overview on the deposition of indium-tin oxide (ITO) films by
PLD. The effect of laser wavelength, substrate temperature, and background gas on the re-
sistivity and transmittance of ITO films, as well as ITO nanostructures, is systematically in-
vestigated. Chapter 5 presents the results of the characterization and in vitro evaluation of
calcium phosphate films deposited by PLD or MAPLE. The results presented in Chapter 5
confirm that excellent quality and high-performance biomaterial thin films can be deposited
by PLD and MAPLE for medical applications. Chapter 6 presents an exciting new method
for making nanocomposite films based on multi-beam laser ablation/evaporation processes
with the acronym MBMT-MAPLE/PLD. The feasibility of the new deposition technique is
demonstrated for making polymer nanocomposite films with two inorganic additives: up-
conversion fluorescent phosphor NaYF4:Yb3+, Er3+, and aluminum-doped ZnO. Chapter 7
describes methods to obtain uniform deposition of thin film over large areas on rotating
substrates and moving ribbons by PLD technique. These methods, such as tilting targets and
using shadow masks of different shapes, are simple, low cost, and can be easily adapted by
existing PLD systems. Implementation of these methods not only can improve thickness
uniformity and reduce micro/sub—micro-sized particles for PLD films but also can increase
the utilization of targets. Chapter 8 gives an overview on using laser ablation to fabricate
nanoparticles in different environments such as vacuum, ambient air, different liquid envi-
ronments, and different background gases. The chapter analyzes in detail laser ablation
mechanisms in each environment and suggests that each medium possesses some unique
advantages and disadvantages for nanomaterial production or machining. Chapter 9



XV Preface

presents interesting works on using laser ablation in a liquid environment to synthesize sev-
eral important compounds, such as hydrocerussite Pb;(COs),(OH),; CdS quantum dots;
magnetic materials such as Fe, FeO, NaFeO;, Na,FeO,; and metal organic frameworks Cu,
(BTC),(H,0);, Eu(TMA)(H,0),. The chapter provides convincing mechanisms for each syn-
thetic process and demonstrates that laser ablation in a liquid environment is a simple, low-
cost, chemically clean, and one-pot synthetic route that enables fabrication of numerical
practically important materials. Chapter 10 gives an overview on the use of pulsed laser
ablation for the synthesis of nanomaterials under high-pressure gases, liquids, and super-
critical fluids media. Chapter 11 provides detailed descriptions of the physical and chemical
processes occurring during laser ablation in liquids for the synthesis of nanoparticles. The
parameters that affect the formation, composition, and structure of the nanoparticles ob-
tained are also discussed. Chapter 12 presents two very interesting applications of laser
ablation in liquid phase: (i) organic nanoparticle formation by laser ablation of organic mate-
rials and (ii) hydrogen gas generation and nanoparticle generation by ablation of solid car-
bon in water. The chapter also reveals the mechanism of hydrogen generation by laser
ablation. Chapter 13 presents the design of a pulsed laser vaporization reactor that can be
used to synthesize single-wall carbon nanotubes, carbon nano-onions, and graphene by just
tuning the experimental parameters. Chapter 14 presents the use of femtosecond for laser
micromachining of fiber optics with a focus on investigation of the effects of laser parame-
ters on surface qualities. The chapter describes different aspects of laser induced periodic
surface structures and gives an example of using femtosecond laser for the fabrication of
fiber optic sensors. Chapter 15 presents the use of dual-color laser that consists of the funda-
mental (w) and its second harmonic (2w) of a femtosecond Ti:sapphire for the ablation of
PMMA. By changing the relative phase of the fundamental (w) and second-harmonic (2w)
outputs, the chapter demonstrates that the laser ablated area can be modulated. Chapter 16
reports on the use of three lasers to modify the surface of the allyl-diglycol CR39 polymer in
order to fabricate optical waveguides. Chapter 17 presents a new application of laser abla-
tion for characterization of material ablation resistance by giving examples in ablation-resist-
ance characterization of ultrahigh temperature ceramics and ceramic matrix composites and
provides convincing interpretation of laser ablation behavior and mechanisms. Chapter 18
discusses the use of laser ablation for chemical compositional analysis of materials and ex-
ploits different methods for normalization of the laser ablation inductively coupled mass
spectrometry in order to reduce measurement-related fluctuations.

This publication provides a snapshot of current efforts to extend the use of laser ablation for
processing of materials and will be useful for the researchers and students who work in the
area of laser and manufacturing. I gratefully acknowledge all chapter authors for their en-
thusiastic and collaborative contributions, and thanks to Ms. Maja Bozicevic, Publishing
Process Manager, for her guidance and support in the preparation of this book.

Dongfang Yang, PhD

Senior Research Officer

Automotive and Surface Transportation
National Research Council Canada
London, Ontario, Canada
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Chapter 1

Laser Ablation Applied for Synthesis of Thin Films:

Insights into Laser Deposition Methods

Camelia Popescu, Gabriela Dorcioman and

Andrei C. Popescu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65124

Abstract

This chapter will focus on laser ablation applied for thin film deposition. The first thin
films deposition method based upon laser ablation was pulsed laser deposition (PLD),
that could produce thin films out of metals, ceramics and even temperature resistant
organics. The need of depositing increasingly complex and delicate materials, lead to
radical modifications of PLD and allowed other laser ablation methods to develop. If
complex libraries are to be synthesized two or more plasmas will be mixed and the thin
films will have a variable composition over surface. This technique is called Combina-
torial PLD (CPLD).

PLD/CPLD are however limited when it comes to organic materials transfer, because the
high intensity laser beam can damage them. Matrix Assisted Pulsed Laser Evaporation
(MAPLE) is a thin film deposition technique derived from PLD, able to transfer
accurately fragile molecules from a target to a substrate, by using a frozen mix made of
the material to be deposited and a protective buffer layer.

All these techniques will be discussed in detail with their advantages, drawbacks,
influencing factors and applications, while relevant practical examples will be provided
in order to make the information easily understandable for the new reader.

Keywords: laser ablation, pulsed laser deposition, matrix-assisted pulsed laser evapo-
ration, thin films, nanoparticles

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR
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1. Introduction

Alow wavelength of the laser beam and a very short pulse (ns-fs) duration induce instant local
vaporization onthesurface of atargetmaterial generating a plasma plume consisting of photons,
electrons, ions, atoms, molecules, clusters, and liquid or solid particles. This phenomenon is
known in the literature as ‘laser ablation’ [1], a term derived from the Latin word ‘ablatio’,
meaning ‘to carry away’.

Shortly, after the first laser functionality demonstration in 16 May 1960, numerous theoretical
and experimental studies were performed concerning the interaction of the high intensity laser
beam with solids [2—4], liquids [5], and gases [6].

Laser ablation is the base principle of most applications involving laser processing of materials:
precise cutting, hole drilling, laser cleaning of surfaces, compositional analysis, and thin film
deposition. The latter came as an obvious application, as a plate/slide/wafer can easily be
positioned in front of the plasma plume, acting as a collector for the hot ablated material that
condenses in the form of a thin film. This deposition method is known as pulsed laser
deposition (PLD). The earliest attempt of thin film deposition was made in 1965 by Smith and
Turner [7], but the true breakthrough was achieved by Dijjkamp et al. in 1987 [8], who
succeeded the stoichiometric transfer of a compound with a complex molecular structure, very
difficult to obtain using other deposition techniques. In this situation, it can be considered that
a congruent ablation was attained. The decrease in the pulse duration meant laser beams with
higher delivered energies that significantly increased the range of materials that could be
ablated [9].

Historically, the method was known under several denominations [9]: pulsed laser evapora-
tion, laser induced flash evaporation, laser molecular beam epitaxy, laser assisted deposition
and annealing, and laser sputtering.

Some variations in PLD emerged out of necessity to deposit more complex materials or
materials degradable at high temperatures. Instead of a single laser beam as in classical PLD,
two laser beams can be used simultaneously to ablate two targets mounted on a carousel
system, producing a mix of plasmas that will generate thin films with variable composition
over the surface. This variation in PLD is known in the literature as combinatorial pulsed laser
deposition (CPLD) [10].

Another variation in PLD developed out of necessity to protect compounds with long and
fragile molecular chains is called matrix-assisted pulsed laser evaporation (MAPLE), and it
uses as the target, a frozen mix consisting of the active material to be deposited and a buffer
matrix that preponderantly absorbs the laser beam energy [11].

All these variations in PLD will be discussed in detail in the next chapters with relevant ex-
amples for their advantages and drawbacks.
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2. Pulsed laser ablation techniques for deposition and compositional
analysis

2.1. Pulsed laser deposition (PLD)

The material that is irradiated by the laser beam is called the ‘target’, while the collector is
commonly referred to as the ‘substrate’. They have to be placed plan-parallel in a deposition
chamber, which is under vacuum conditions. A high intensity laser placed outside the
deposition chamber is used as an energy source to ablate the target material and to deposit the
thin film. The target vaporization is induced by photons, so no contamination/impurification
occurs during the deposition process.

Contrary to this, simplicity of the experimental assembly, the laser-material interaction, which
is the PLD base, is a very complex physical phenomenon that involves a succession of different
processes [12]. They are:

a. Coupling of the optical energy to the target material.
b. Melting of the surface.
¢.  Vaporization in form of a plume of the thin upper layer of molten surface.

d. Photon absorption by the vaporized species, which eventually limits the laser fluence at
the target surface.

e. Propagation of the plume in the direction normal to the target.

f. Return to the initial state after few nanoseconds from the end of the pulse, with a
resolidified surface.

If deposition is made in reactive gas and the obtained film has a composition different from
that of the target, the name of the synthesis process is reactive pulsed laser deposition (RPLD).
The PLD/RPLD set-up is given in Figure 1.

2.1.1. Factors responsible for PLD deposition

Factors influencing the laser ablation process include the following: (i) deposition conditions
(nature of ambient-ultra-high/high/vacuum, reactive gas, target-substrate separation distance,
number of pulses); (ii) laser beam parameters (wavelength and pulse duration fluence); and
(iii) material properties of the target (melting temperature, thermal diffusion rate, optical
reflectivity).

Uniform ablation of the target is obtained through its rotation and translation with respect
to the laser beam. The distance between the target and substrate is generally of a few centi-
metres. The film uniformity can be improved if the substrate is moved in the plasma direc-
tion, for example, by rotating the substrate holder. The substrate temperature is a very
important parameter for the morphology, microstructure, and crystallinity of the deposited
films.
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Substrate holder
Substrate

\ High intensity laser beam
Gas
admission /
Target
haolder

sited thin fil
Deposited thin fiim Laser Control

Tar Panel
f get Daposition chamber
Mechanism to rotate the target

Figure 1. Experimental set-up PLD/RPLD.

2.1.1.1. Deposition conditions

2.1.1.1.1. Influence of the ambient gas inside the deposition chamber

Depending on the structure and composition of the thin films that one desire to achieve by
PLD, in the deposition chamber a gas, which can be active or passive, can be introduced. In
principle, the passive influence of the gas is necessary because it helps to compensate the
eventual losses of the constituent elements. For example, the oxide thin films tend to be oxygen
deficient.

We provide a relevant example of ZnO thin films synthesised in a vacuum (4 x 102 Pa) and in
O, (13 Pa) ambient. The aspect of both films was radically different: the films deposited in a
vacuum were opaque, dark-coloured (Figure 2a), while the films obtained in an oxygen flux
were highly transparent (Figure 2b) [13].

f a) . 1 b)
] . “4 :
_ 1

Figure 2. Textile material partially coated with ZnO films: (a) dark-coloured film deposited in vacuum and (b) trans-
parent film deposited in a 13 Pa oxygen flux.

b
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The explanation is that in oxygen ambient, due to the intense collisions with the environmental
atoms, the ejected matter is confined to an elongated, ‘cigar’- shaped plasma (Figure 3a). A
thermal equilibrium is reached as a result of collisions during transfer and the substance
condenses in large quantities forming compact thin films. In a vacuum, at much lower collision
rates, the matter is ejected in all directions (Figure 3b), with high energies and speed. These
high energetic species are bombarding the layers previously deposited and cause damage (by
sputtering off atoms from the outer layers) or defects (dislocations, cracks, holes) on the
deposited film. These bombardments occur for each pulse, resulting in a very disordered thin
film that is full of defects. The defects are highly absorbent in the visible spectrum and hence
the dark aspect.

Figure 3. Plasma plume in PLD recorded in 13 Pa O, flux (a) and vacuum (b) (Reproduced with permission from Ref.

[13)).

2.1.1.1.2. Influence of the target-substrate separation distance

The effect of the target-substrate distance is reflected by the angular scattering of the ejected
flux. Different features can occur depending on the position of the substrate. The optimal
position of the substrate in order to obtain stoichiometric structures is determined by the
plasma evolution. The best depositions (in terms of stoichiometry, uniformity and homoge-
neity) are obtained when the plasma length is identical with the target-substrate separation
distance [13]. To support this assertion we provide an example of ZnO deposition using a low
number of pulses and three separation distances: 3, 4, and 5 cm. The plasma plume was 4 cm
in length (Figure 4).

As shown in Figure 4, the largest number of ZnO nanoparticles was present on the surface of
the sample placed at 4 cm from the target, while smaller amounts of ZnO nanoparticles were
observed for the samples positioned at 3 and 5 cm. Asitis known [14], the quantity of deposited
substance in PLD is inversely proportional to the square of the target-substrate separation
distance. However, this does not apparently apply in our case for the sample placed at 3 cm
from the target. A possible explanation could be that the plasma plume deposited and removed

7
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(‘washed’) nanoparticles at the same time from the substrate because the separation distance,
in this case, was too small (in any case, smaller than the plasma length).

Figure 4. SEM micrographs of ZnO nanoparticles deposited in a 13 Pa O2 flux on a Si substrate. Target-substrate sepa-
ration distance was of 3 cm (a), 4 cm (b) or 5 cm (c). Inset: water droplet in static mode and the measured CA.

For target-substrate separation distances longer than plasma length, the species in plasma lost
their kinetic energy by collisions with other species and gas molecules from the ambient and
therefore the ablation rate was significantly lower than for 4 cm.

2.1.1.1.3. Influence of number of pulses

A very low number of pulses (generally under 100) generate a deposition of nano/micro-
particles on the substrate surface. Slightly increasing the number of pulses produces islands

of material. Upon increasing the number of pulses, the substrate is covered by a continuous
thin film [15].

100
-—
S
] -~ =
A # L 2
g 60 |- s 8o -
o i € =
E & - |
B a0
s | )
l_ I P "
20 E g?ﬂ 3;5“- 380 388 3e0 3885 400
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400 800 1200 1600
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Figure 5. Typical transmission spectra recorded in the case of PLD simple ZnO films (solid curve), and films covered
with Au nanoclusters after ablation by 100 pulses from a Au target (dashed curve). (Reproduced with permission from
Ref. [15]).
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We present a case when ZnO thin films were synthesised by PLD after applying 50,000 pulses
to a ZnO target. The target was further switched on with a gold one and by irradiating it with
100 laser pulses Au nanoclusters were generated on the ZnO thin film surface. In Figure 5, it
can be found that the transmittance spectrum was shifted toward longer wavelengths follow-
ing the thin film with Au nanoclusters. The infrared band-gap energy was 3.26 eV for ZnO
films covered with Au, which is slightly lower than that of simple ZnO films of 3.29 eV [15].

2.1.1.2. Laser beam parameters

2.1.1.2.1. Influence of wavelength and pulse duration

PLD can be applied to vaporize and deposit thin film from any kind of material if the absorbed
power density is high enough. The amount of material that is ablated during laser irradiation
can be estimated from the thermal diffusion depth, L= +/D - 7, where D is the heat diffusivity

in the solid target and 7 is the pulse laser duration. The thermal diffusion depth decreases with
the duration of the laser pulse.

The delivered laser energy is absorbed by the target material in a layer with thickness given
by the formula, I = l, where [, is known as the optical penetration depth and « is the absorp-
a

tion coefficient for the respective laser wavelength.

The energy delivered by ultra-short laser pulses is absorbed in a thinner layer as compared to
ns laser pulses, thus producing higher temperatures at surface level and faster vaporization of
the target material [16].

The efficiency of laser beam absorption into the target is closely related to the wavelength that
will be used. However, for numerous materials, absorption coefficient dependence on the
wavelength can be more complex due to different absorption mechanisms, such as network
vibration, free carrier absorption, impurities, and bandgap.

For exemplification, we present the case of Mg film deposition using laser sources with
different wavelengths and pulse duration: 308 nm XeCl excimer laser (generating pulses of 30
ns) and 248 nm KrF excimer laser (with 5 ps and 500 fs). Electron microscopy analysis showed
that the droplets spread and the density decreased, when using laser pulses with shorter
duration [17].

The films deposited using an ns laser source had their surface covered by droplets (Figure
6a). These droplets were spherical and had an average diameter of 10 um. Their presence and
morphology are indicative of expulsion of molten material from the surface of the target [18].
In this case, the optical penetration depth I = 2 um, (Mg ablated at 308 nm), was less than the

thermal diffusion depth, [ =17 um.

When using ps or fs pulses, the morphology of the Mg film surface changed from droplets
covered to smooth surfaces, as shown in Figure 6b and c¢. When using ps laser pulses there
were still particulates on film surface (not larger than 200 nm) but they completely disappeared

9
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when ablation was conducted with fs pulses. The smoothness of these film surfaces is a
consequence of the removal of ablated material with reduced expulsion of melted particles [17].

Figure 6. SEM images of Mg thin films deposited by PLD in different regimes: ns (a) ps (b) and fs (c) (Reproduced with
permission from Ref. [17]).

2.1.1.2.2. Influence of the laser fluence

The laser pulse fluence can be defined as the optical energy that is delivered to a selected area
on the target. Therefore, the fluence can be varied by changing the laser energy or the dimen-
sion of the spot area on target.

The coupling of the laser energy to the target surface is dependent on pulse parameters
(duration and energy profile), and target characteristics (surface roughness, porosity and
density). The fusion and vaporization processes occur only when the laser beam intensity is
higher that a threshold value defined as the minimal energy of the laser pulse per surface unit
that generates plasma ignition.

Figure 7. Typical SEM micrographs of TiO, nanoparticles deposited on carbon cloth substrate at a laser fluence of 5 (a)
and 1 J/em? (b) respectively (Reproduced with permission from Ref. [20]).

For a fixed wavelength and a chosen material, the fluence on the target will have a major effect on
the particulate size and density [1]. We present an example where in order to obtain a porous gas
diffusion layer, TiO, nanoparticles have been deposited at two different laser fluences on carbon
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cloth. In the case of 5 ] /cm?laser fluence, a uniform spatial distribution of nanoparticles over the

substrate surface with dimensions of tens to hundreds of nanometres (Figure 7a and b). De-

creasing the laser fluence to 1 J/cm? (Figure 7b), the number of nanoparticles was considerably

reduced and film protuberances were smoother [19].

2.1.2. Advantages of thin film deposition via PLD

1.

A major advantage of PLD is related to its large versatility, that is, by control of the
deposition parameters, one can obtain thin films with a completely different morphology,
structure and/or functionality [20].

We return again to our example of ZnO thin films synthesized by PLD in a vacuum or in
oxygen ambient. Just by changing the ambient not only the aspect, but also the wettability
behaviour of the films was completely different (Figure 8). The thin films were hydrophilic
when deposited in an oxygen flux and superhydrophobic (157°) when synthesized in a
vacuum. Different conditions changed the Zn and O arrangement in the crystal lattice that
influenced the electrical behaviour of the surface [13, 21].

The target composition (stoichiometry) can be reproduced with relative ease in the thin
films synthesized by PLD. Due to congruent vaporization, it is possible to deposit
materials with complex chemical composition. A relevant example is that of hydroxya-
patite [Ca;y(PO,)6(OH),] which is the main constituent of the mineral part of the bone.
Thin films of this material have been synthesized by PLD to cover metallic medical
implants in view of increasing their bioactivity. EDX analyses revealed the Ca/P ratio of
1.6, very close to the nominal 1.64 value [22, 23].

The sequential nature of the PLD process allows for a control of the film thickness through
the number of applied pulses.

We provide an example with profiles of TiN films synthesized by PLD by applying to a
TiN target 5,000, 10,000 or 20,000 laser pulses [24]. TiN is a hard material, quite difficult
to ablate, so the thicknesses of films were quite low, even for a high number of applied
pulses. A progressive increase of the TiN films thickness is evidenced in the profiles of
Figure 9. Films synthesized with 5,000 pulses were of ~60 nm thickness, for 10,000 pulses
the thickness was of ~86 nm, while for 20,000, it increased to ~133 nm.

Any type of material can be ablated, so the method is not limited to special classes of
compounds.

Ceramic, metallic and organic materials have been deposited by PLD. An exhaustive list
can be found in the subchapter 2.1.4.

Using a carousel system with targets of different compositions, multi-layer films can be
obtained. The combinations are endless and new structures with complementary prop-
erties can be obtained.
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Figure 8. Textile material partially coated with ZnO nanostructures: (a) hydrophobic nanoparticle deposited in vac-
uum, (b) hydrophilic thin film deposited in 13 Pa oxygen flux, and (c) hydrophobic thin film deposited in vacuum.
Inset (a) and (c): water droplet in static mode and the measured CA images were acquired with a EOS 50D digital cam-
era (Canon).
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Figure 9. Thickness profiles of TiN layers recorded by profilometry (Reproduced with permission from Ref. [24]).
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Figure 10. SEM/EDX images recorded for ZrC/TiN multi-layers deposited by PLD (Reproduced with permission from
Ref. [26]).

A relevant case of multi-structures ZrC/ZrN and ZrC/TiN is given for exemplification (Figure
10). The purpose of this research was to increase the hardness and the elastic modulus of
protective coatings. Out of ZrC, ZrN, and TiN single layers, the best results were obtained in
case of ZrC with a hardness of 27.6 GPa and a reduced modulus of 228 GPa [25]. For multi-
structures, the hardness and reduced modulus increased to similar values between 32.4 and
33.2 GPa and between 251 and 270 GPa, respectively [26].
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2.1.3. Drawbacks of PLD

Because the plasma plume is expanding mainly in the z direction (see Figure 11), the deposition
areais usually of a few square centimetres only. Special translation/rotation robotized substrate
holders should be used for uniform coating of large substrate areas [9].
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Figure 11. Schematic for the vapor cloud expansion after target irradiation by a laser pulse with energy over the abla-
tion threshold.

Even though PLD deposition of organic materials was reported, generally, this deposition
method is not suitable for such compounds—under the action of intense laser pulses, long
organic chains can be broken, the deposited material being different from the original target
material.

The most important disadvantage however, comes from the micronic and sub-micronic
aggregates (known in the literature as particulates or droplets) that hinder applications in
fields requiring high finesse (micro or nano-electronics). However, additional procedures in
conjunction with PLD can drastically diminish the droplets in PLD films [27-29].

2.1.4. Applications

The idea to use PLD to deposit some of the most varied materials, simple or complex structures
with the purpose of obtaining thin films has been rewarded with numerous results published
in the literature.

Complex oxide thin films for superconductors (YBa,Cu,;0, [30]; Ba,Co,Fe;,O,, [31]), transpar-
ent conducting oxides TCO [32-34], active mediums (Er:YAG [35]) wide bandgap electronics
(ZnO doped [36]) or in conjunction with other semiconductors [37]), thin films for gas sensors
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based on nanostructured tungsten oxide [38, 39], CNx/Si thin heterostructures [40]; complex
(As,55)(100-x)(Agl)x chalcogenide glass [41]; vanadium oxide thin films with various crystal
structures [42]; tin oxide for detecting NO, [43]; protective coatings and barriers (e.g., DLC
[44], BN [45], TiN [46], ZrC [47], ZrN [48, 49], ZrC/TiN and ZrC/ZrN thin multi-layers [50];
TiN biocompatible coatings (prostheses coatings [51-53]); particles for drug delivery [54];
antimicrobial coatings [55]; tissue engineering [56]; organic thin films, i.e., polymethylmeta-
crylate (PMMA) [57-59]. For biosensor applications: CuO thin film for uric acid biosensor [60],
gold-coating of silicon microcantilever for DNA biosensors [61].

2.2. Combinational pulsed laser deposition (CPLD)

One simple approach to study a binary or ternary system is to map all the possible composi-
tions of the phase diagram. Of course, one can synthesize and test one composition at a time,
but the disadvantages are the large number of experiments and lots of wasted time. By using
a multi-target carousel holder and rhythmically changing the deposition targets during a PLD
experiment or two laser beams that irradiate two targets at the same time, one can obtain
alternating layers with different periodicities both vertically and horizontally, along the
substrate surface (Figure 12) [62]. In a single CPLD experiment, thousands of different
compositions can be synthesized on a substrate of a few square centimetres [10]. Different
stoichiometries can give rise to a variety of different structures and properties. The feasibility
and utility of this concept has been demonstrated in the discovery of a number of new materials
with much improved physico-chemical properties than the precursors [63-65]. Figure 12
shows a schematic of a CPLD deposition experiment. The experimental set-up can include two
independent laser beams or a split laser beam that hits two targets alternatively or one target
at a time, the targets being interchanged with the desired frequency via a mobile carousel.

2.2.1. Advantages of CPLD

1. Thin film libraries can be synthesized in relatively short time (minutes).

2. A large number of new binary or ternary compounds with different properties to study
can be obtained.

3. By monitoring the number of laser pulses, one can control the deposition of materials at
an atomic layer level. If targets of different nature are used, composite materials will be
synthesized.

We give a practical example of IZO (indium-zinc-oxide) compositional libraries synthesized
by CPLD [66-69]. Due to the reduced availability of indium, in order to minimize costs, Zn
is used for partial replacement of this element. Normally, individual thin films should be
synthesized by PLD for measuring their conductivity. By CPLD, we synthesise a library with
hundreds of IZO compositions, identify the areas with high conductivity and then we assess
the IZO composition using a punctual spectroscopic technique (laser induced breakdown
spectroscopy-LIBS). Thus, a significant reduction of time devoted to film deposition and
individual analyses could be achieved. LIBS allows fast optical spectra recording and line
identification with an excellent spatial resolution (the laser beam is focused at a spot of 100
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um diameter), in addition to minimal damage to the film [70, 71]. The quantitative LIBS
measurement method, based on the calculation of the spectral radiance of plasma in local
thermal equilibrium, was used to measure the Zn/ (In+Zn) ratio and its variation over the
length of samples synthesized by CPLD.
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Figure 12. Schematic presentation of a CPLD experiment, along the line the plasmas overlap producing a composition-
al library.

From the study of the obtained compositional libraries, optimum values of the optical
transmittance higher than 85%, resistivity around (5-7) x 10* Ohm cm and mobility in the (45—
53) cm?/(V s) range, were inferred.

Figure 13. Evolution of (a) In and Zn concentrations and (b) Zn/In ratio on the transversal axis. Twelve measurements
were performed on a distance of 6 cm from border towards the centre of the sample (Reproduced with permission
from Ref. [72]).

The LIBS measurements started from the border of the glass plate where Zn has the largest
concentration, towards the centre of the sample, along the transversal axis [72]. At the border
A (close to the ZnO target) the In/(In+Zn) ratio was of 0.40. The trend for this ratio is to increase
continuously. Up to measurement 6 (corresponding to 3 cm towards the centre of the sample),
it increases by 8%, that is, to a value of 0.44. The Zn decrease and the In increase are almost
linear (Figure 13a), the overall In/(In + Zn) ratio increases when shifted towards the centre of

15
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the sample. From 3 to 6 cm (in respect with the centre of the sample), the ratio continues its
ascendant trend to reach a value of 0.50 at the centre of the film.

In Figure 13b, the evolution of the In/(IntZn) ratio is presented. Starting from the glass
border towards the centre, an ascendant trend from 0.40 to 0.54 is observed. Along a distance
of 6.5 cm, the In/(In + Zn) ratio increased by 26%. The results are very similar to the values
obtained by EDS investigations on the same CPLD samples [73].

2.2.2. Drawback of CPLD

The plasma spread is strongly influenced by the atomic weight of the species. For each type of
the target material, new complete compositional tests and mapping should be performed on
the resulting films.

2.2.3. Applications

The synthesis of new materials starting from precursors (i.e., BaF,, SrF, and TiO, to form (Ba,
Sr)TiO, [74] or BaF, and TiO, to form BaTiO, [75]); deposition of thin film libraries of doped
oxide materials: (Ba,_Sr,)TiO; doped with Ca, W, Cr, Mg, Mn, Y and La [74]; libraries of TiO,
doped with Co [76]; artificial oxide lattices and heterojunctions controlled at an atomic scale
[77] (SrTiOs/BaTiOssuperlattices); composition spreads: La, ,Sr,MnOswith 0 < x <1 [78],
Ba,_,Sr,TiO; [79], Mg,Zn,_ O [80] and 1ZO [81].

2.3. Matrix-assisted pulsed laser evaporation (MAPLE)

For electronic, optical and biosensor device applications, the materials of choice cover poly-
meric materials for the fabrication and passivation of electronic coatings, organic dye mole-
cules for non-linear and optical limiting applications, biocompatible and protein coatings for
micro-array biosensor applications, and living cells for tissue engineering. The ability to
deposit various classes of functional polymeric and organic materials using a single technique
provides a significant advantage for their development and implementation.

When a laser interacts with an organic target under the usual conditions for PLD, the material,
which is grown in a thin film form, is different from the starting material, the functional groups
being often altered [11]. The organic chain can also be broken leaving the film to be made up
of smaller polymeric pieces and with different functional groups terminating the ends. Even
small changes in the number of functional groups or the degree of polymerization can preclude
the use of these films for their desired application. Such modifications might be acceptable for
some applications, but in general, the use of lasers for depositing thin films of polymeric and
organic materials, requires more subtle approaches than those offered by PLD alone.

MAPLE, a laser based vapour deposition technique derived from PLD, has been developed,
at the end of 1990s, to deposit thin organic and biologic films without decomposition or other
major irreversible damage [82]. MAPLE is a physical vapour deposition technique capable of
depositing uniform thin films over a larger area. Specific to MAPLE is the use of a cryogenic
composite target made of a dilute mixture of the polymer/ biopolymer/ protein to be deposited
and a light absorbent, and high vapour pressure solvent matrix.
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The principal objectives that this technique has to perform are:

a. to avoid the damage of the organic molecules, that can be produced by photochemical
and photothermal effects like in the case of PLD;

b. toensure the deposition of a homogenous thin film, that cannot be obtained by other laser
methods.

Changing the target to a frozen composite modifies the laser material interaction, so that the
major part of the laser energy is absorbed by the solvent molecules and not by the fragile solute.
The rapidly evaporating volatile solvent desorbs the fragile solute by soft collisions and
deposits it as a uniform thin film whose properties, such as chemical structure and function-
ality, have been maintained (Figure 14). Since the receiving substrate is kept at room temper-
ature and the sticking coefficient of the solvent is nearly zero, the evaporated solvent is
efficiently pumped away by the vacuum system.
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Figure 14. Schematic of material transfer by MAPLE technique.

The MAPLE target is composed of less than 10 wt% of the film material. Each film molecule is
surrounded or shielded by a large amount of matrix. This structure prevents the direct thermal
and photonic damage to the film material [83].

2.3.1. Factors influencing for MAPLE deposition

The nature of the organic compounds can influence the deposition of a thin film. The laser
parameters (fluence, wavelength, and pulse duration) can affect the quality of the thin film.

Although it is derived from PLD, MAPLE differs in certain points, namely the method of
preparation of the target and mechanism of laser-material interaction. Film roughness can be
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controlled by selecting correctly the appropriate laser fluence, solute concentration and
substrate temperature.

2.3.1.1. Influence of the matrix

MAPLE efficiency is determined by the correct choice of the solvent matrix, which has to absorb
the laser energy during the deposition, thus protecting the complex organic compound.

The solvent has to satisfy the following conditions:

i. to absorb the laser beam, even when frozen;
ii. to have a high melting point;
iii. to have a high vapour pressure and a high volatility at room temperature, in order to

be evacuated very fast from the deposition chamber;
iv. not to be chemically active at laser beam exposure; and

V. to form a uniform solution with the complex organic material.
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Figure 15. AFM micrographs of P(CPP:SA) 20:80 thin films deposited by MAPLE using ethyl acetate (a) and dimethyl
chloride as matrix (b); typical FTIR spectra recorded for P(CPP:SA) 20:80 thin films obtained by MAPLE using ethyl
acetate as matrix at a fluence of 0.3 J/em?*(c). (Reproduced with permission from Ref. [84]).

We present an example of MAPLE thin film synthesis of poly(1,3-bis-(p-carboxyphenoxy,
propane)-co-(sebacic anhydride)) (20:80) (P(CPP:SA)20:80) using two different solvents as a
matrix to protect this hydrophobic anhydride copolymer [84]. One solvent was dimethyl
chloride and the other, ethyl acetate. The copolymer was successfully transferred in both cases,
but the morphology of the films was quite different. AFM images presented in Figure 15a for
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the case of ethyl acetate as the matrix reveal a granular morphology of thin films with indi-
vidual grains with diameters of ~400 nm. In the case of dimethyl chloride as the matrix, the
thin film seems to be compact with some circular (~500 nm in diameter) features splashed on
the surface forming a layered plate-like structure (Figure 15b). Ethyl acetate was selected as
the best solvent based on AFM data and FTIR spectra comparison (Figure 15¢) that showed a
high resemblance between the target material and the thin film.

2.3.1.2. Influence of the laser fluence

McGill and Chrisey [82] proposed in their patent that the laser energy is absorbed majorly by
the solvent matrix and is converted in thermic energy producing solvent evaporation. The
complex organic compound will reach a kinetic energy high enough that will ensure the
transfer and the immobilization onto the substrate.

Georgiou and Kokkinaki [85] advanced the hypothesis that the process takes place due to a
photomechanical process (material expulsion). The complex organic compound will be ejected
into the gaseous phase only if the laser irradiation takes place at a fluence that surpasses the
ablation threshold. When the laser fluence is under the ablation threshold a thermic vapori-
zation process, that produces the solvent desorption, occurs.

Itina et al. [86] suggested that after the laser irradiation upon the organic compound, kinetic
energy is a result of both thermic and mechanic phenomena. They proposed a theoretic study
that simulates the initial steps of molecule ejection. They observed that when the laser fluence
surpasses the ablation threshold, clusters would be ejected from the target. The most important
observation was that during the ablation process the organic compound molecules are not
fragmented.
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Figure 16. Top view AFM image of the RNase A thin films obtained from a frozen composite target containing 1%
(w/v) biomaterial in buffer Hepes solvent, by irradiation with 15,000 subsequent laser pulses at 0.4 (a), 0.5 (b), 0.7 J/cm?
(c) laser fluence (Reproduced with permission from Ref. [87]).

In their support, we present the example of RNaseA enzyme thin films obtained by MAPLE
[87]. When irradiation of targets was conducted with a laser fluence of 0.4 J/cm? (Figure 16a)
the films were constituted of tens of nanometre-sized particles probably generated after surface
evaporation and cluster formation in transit towards the substrate. By increasing the laser
fluence to 0.5 J/cm? (Figure 16b), both the mean diameter and the mean height of particles
increase and double population could be identified: a majority population of 500 nm mean
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diameter and some large micronic particles. At 0.7 J/cm? (Figure 16c¢), the film is covered by
micrometric particles, caused by the droplet expulsion from the target surface as a result of
explosive evaporation or spallation mechanisms [88, 89] termed cold laser ablation [90, 91].

2.3.2. Advantages of material deposition via MAPLE

MAPLE was developed to surmount the difficulties in solvent-based coating technologies such
asinhomogeneous films, inaccurate placement of material, and intricate or erroneous thickness
control. The process utilizes a low fluence pulsed UV laser and a frozen target consisting of a
dilute mixture of the material to be deposited and a high vapour-pressure solvent. The low
fluence laser pulse interacts mainly with the volatile solvent, causing its evaporation. During
the process, the solute desorbs intact, that is, without any significant decomposition, and is
then uniformly deposited on the substrate.

- It enables the thin film deposition from a large amount of organic materials, such as polymers,
proteins, enzymes and combination of organic-inorganic materials.

- Itis anon-contact deposition technique free of pollution risks for the thin films. The molecular
composition and structure of the material that is deposited by MAPLE are preserved during
the transfer process.
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Figure 17. FTIR images of (a) laser immobilized RNase A obtained by the irradiation of 1 wt% frozen composite RNase
A target, and the drop-cast samples of (b) initial and (c) final MAPLE target solutions of RNase A in buffer HEPES—
NaOH, pH 7.5 (Reproduced with permission from Ref. [92]).

In support of this assertion, we give the FTIR spectra for a RNase A enzyme thin film
(Figure 17a), for drop-cast of the initial RNase A solution used to prepare MAPLE targets
(Figure 17b) and for the final RNase A solution, collected from the target holder after the
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laser irradiation experiments (Figure 17c) [92]. As can be seen in the Figure 17 the spectrum
of the transferred RNase A was comparable to that of the initial drop-cast and to that of
the target after irradiation. The bands of RNase A target material were also present in the
spectra of deposited films: at 3400 cm™ there was a band characteristic to N-H stretching
vibrations from amide I groups; the one at 1654 cm™ corresponded to C=O and C-N
stretching vibrations of amide I, while the band at 1464 cm™ was characteristic to in-plane
N-H bending as well as C-N stretching vibrations in the same functional group. At 1534
cm™, the band was associated with tyrosine amino acid residues, while the band at 1400
cm™ could belong to the amide III region [93-95]. The lower band intensity, in case of the
MAPLE thin films, was due to the five times lesser amount of RNase A enzyme in the film
as compared to the amount present in the drop-cast samples.

2.3.3. Drawbacks of MAPLE

The solvent has to be UV absorbing, therefore the choice is limited and in many cases very
difficult.

In order to obtain perfect transfer of the organic material from the target to the substrate, a
process optimization procedure is mandatory. Laser beam fluence, repetition rate, and
pressure inside the reaction chamber have to be tweaked for each new material to be deposited.

Toxic, volatile solvents are often the only choice for target preparation.

2.3.4. Applications

Biomaterials for drug delivery, antimicrobial systems and biosensors: polyethylene glycol [96—
99], polyvinyl alcohol derivatives [100, 101], oligo(p-phenylene-ethynylene) [102], magnetite/
salicylic acid/silica shell/antibiotics [103], porphyrin [104], laccase [105], urease [106], and
lysozyme [107]. Polymers for electronic devices (electrically conductive polymers, light
emitting thin films): polythiophene [108], polyfluorene [109], and hybrid composites [110]; CdS
quantum dots onto TiO, nanotubes for solar cells [111]; Protective coatings: composite carbon/
gold nanoparticle films [112].

3. Conclusions

Laser deposition methods have been used to deposit a countless simple or complex inorganic
or organic materials. It is quite hard to find other alternative methods that are so easily tunable
so that they could produce thin films of so many different materials while preserving in the
same time their structure and properties. This is probably the main reason for the endurance
of these techniques despite some big outcomes: (i) droplets on film surface, which reduce their
use in high tech fields and (ii) small area depositions that prevent their real breakthrough in
industry.

21
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Major progress has been achieved to overcome these issues, numerous droplet filters having
been proposed in the literature with good results and large scale depositions of up to square
metres being reported.

This chapter aimed to show for the new reader just a small part of the myriad of parameters
that can be tuned and how important small adjustments can become for the final aspect and
the properties of thin films. The combination of various parameters is practically limitless and
new structures with interesting properties that emerge from these combinations provide along
life for the research in this field.

The authors hope that after reading this chapter, one will get an idea about the countless
applications where laser ablation can be used, for synthesis, tuning or characterization of thin
films. It is expected that new methods based on laser ablation will continue to emerge and
develop as science progresses and applications become more and more punctual. Laser-
patterned deposition of thin films or living cells transfer in a matrix by laser-induced forward
transfer, compositional analysis of organic compounds by matrix-assisted laser desorption/
ionization are hot emerging fields that rotate around the laser ablation mechanisms.
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Abstract

Thin phosphor films of CaysR,.(M0O,),:xLn*, M* (R*=La, Y), (Ln* = Eu, Tb, Dy) (M*=
Li*, K* and Na*) were deposited on quartz substrates by pulsed laser deposition (PLD)
technique by ablation of a stoichiometric monocrystal target. The deposition was carried
outusing an Nd-YAG laser (A = 1064 nm) in an ultra-high vacuum (UHV) with an oxygen
back pressure of 300 mTorr at 600°C substrate temperatures. The laser-ablated films are
optically active, as verified by the photoluminescence (PL) spectra, and the films exhibit
smooth Stark levels. The photoluminescence of the Ca,;R,_(M0O,),:xLn*, M* phosphors
properties reveals characteristic visible emissions. Further, the co-doping of alkali metal
chlorides MCl (M=Na, K, Li) into the CaysR, (M0O,),:xLn*, M* phosphor greatly
improves the luminescence intensity, which can be explained by charge compensation
effect. The fluorescence lifetime and photometric coordinates are discussed in detail.

Keywords: rare-earth and alkaline activated, thin phosphor films, pulsed laser deposi-
tion, surface morphology, luminescence

1. Introduction

The growth of good quality larger area thin film with homogeneous size distribution and
morphology is still a demanding issue, and it is of significant attention towards the research
fraternity. Remarkably, uniform micro/nano-structures have been paying global attention due
toits potential application in high-performance luminescence and opto-electronic device based
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on community their novel optical and electronic properties. To synthesize novel thin film
materials such as molybdates [1, 2], tungstates [3], vanadates [4], and fluorides [5], copious
prominent techniques are extensively adopted, for example chemical bath deposition (CBD),
successive immersion layer adsorption reaction (SILAR), polymerization, electrodeposition,
sputtering, metal-organic chemical vapour deposition (MO-CVD), molecular beam epitaxy
(MBE), atomic layer deposition (ALD), pulsed laser deposition (PLD). In the midst of all, PLD
is a multitalented method to prepare multiconstituent thin film materials in which raster
examining of high-energy pulsed laser ablates the target material and produces the plasma
plume [6, 7]. In recent times, the PLD technique has created a widespread usage with an
exceptionally astonishing result in materials preparation and fabrication of a device in the opto-
electronics field. Albeit the fabrication of optical quality of the thin films and waveguides using
PLD technique with various technical hitches and burning issues, till date, these issues have
undeniably been lucratively conquered, and quite a few good-quality thin films were grown by
PLD.

1.1. Recent research scenario

In contrast to conventional incandescent and fluorescent lamps, white light emitting diode (w-
LEDs) is seemed to be an optimistic solid-state light source with a good-quality energy
conversion luminescence device [8]. By coalesce into the GaN blue LED chip with yellow
emitting phosphor YAG:Ce® which yield a white light emission using the conventional
technique [9-11]. Nevertheless, the deficient of red emission cog ends with low colour
rendering index (CRI) and luminous efficacy of radiation (LER) which restricts their pertinence
towards a few ambits [9, 12]. To conquer this hindrance, red or orange-red emitting ion such
as Pr**, Sm*, Cr** and Mn”" is co-doped with YAG:Ce* [10]. The other one is combining
YAG:Ce* with red or orange-red phosphors such as nitrides (M,SiNg:Eu®), sulphides
(CaS:Eu*), oxynitrides (MSi,O,N,:Eu*") (where M = Ca, Sr) [10]. Furthermore, the enhancement
of intense emission in the host material can be engendered by co-doping of alkali metal-
chloride results in strong emission, which may possibly be an opportune and a generally
suitable approach to acquire the phosphors with sufficient intensity and excellent efficiency
are a great essential deal for prospective solid-state lighting devices [2]. Therefore, it is
necessary to discover a suitable phosphor material with a sufficient chemical permanence with
enhanced efficiency. Rare earth-doped phosphor materials are paying attention towards the
research problems based on its applications in all the prospects of science and technology.
Molybdates and tungstates with metallic elements form an essential class of phosphor
materials. They belong to the scheelite family having a space group I,;,,. In both molybdate
and tungstate family, the alkaline earth-based rare-earth-activated double molybdates are very
much highly significant efficient materials on the basis of its unique structural, optical
properties have come across profound applications in technological aspects. Alkaline rare-
earth-activated tungstates having a general formula ARE (MoO,), (RE=Y, La; A=Ba, Ca, Sr)
are considered as better luminescent hosts investigated significantly for various purposes such
as photocatalysts [11], displays [8] and acquire substantial hydrolytic and thermal perma-
nence. Furthermore, the electroluminescent devices in the form of thin films from these micro/
nano-architectures are to be built for the white light emitting diode applications. Among the
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aforesaid variety of fabrication of thin film techniques, pulsed laser deposition (PLD) is a viable
method [2, 13, 14]. Nowadays, to fabricate homogeneous and large-scale thin films, laser
rastering system attached into PLD technique has been used [13]. To consider the aspects of
application, aforesaid reasons could make the PLD technique most unique and almost suitable
for the growth and fabrication of good-quality micro/nano-thin films. It is interesting that the
structural, optical, and photophysical properties of the micro/nano-architectures could be
compared with the thin film phosphors and its bulk [2, 15] counter-parts.

In this viewpoint, we have prepared the single crystalline nano-thin phosphor films of Ca,sR;.
{(MoQO,),:xLn* (R*=Y, La), (Ln*=Eu, Tb, Dy) with co-doping of alkali metal chlorides (0.02
M of LiCl, KCI, NaCl) have been ablated on quartz substrates using the pulsed laser deposition
method (PLD). For the first time, the luminescence properties of these alkali chloride-activated
phosphors are studied. The as-prepared molybdate and tungstate powders were further
deposited as thin films using the laser-ablation by forming a ceramic target under oxygen
atmosphere. Followed by the as-prepared samples was analyzed using X-ray diffraction
(XRD), atomic force microscopy (AFM), field emission scanning electron microscopy (FESEM),
photoluminescence (PL) spectroscopy, photometric characteristics using commission interna-
tionale de i'eclairage (CIE) diagrams. The colour chromaticity coordinates and luminescence
decay times have also been determined and discussed in reference to the effect of alkali
metal ions.

2. Experimental details

By employing the PLD technique, for the first time, the nano-thin phosphor films of
CaysR;,(M0O,),:xLn* (x=0.16 M) (R*=Y, La), (Ln**=Eu, Tb, Dy) with co-doping of alkali
metal chlorides (0.02M of LiCl, KCI, NaCl) were effectively coated on the quartz sub-
strates by maintaining the substrate temperature of 600°C under oxygen atmospheric pres-
sure (~300mTorr). Figure 1la-i shows the images of different experimental procedures
engaged for the growth of thin films.

2.1.Preparation of ceramic target, cleaning of substrates and growth of Cay ;R (M0O,),:xLn*
nano-thin phosphor films

To prepare a strong and extremely impenetrable ceramic (molybdate and tungstate) target for
laser ablation, the starting precursors such as Na,CO;, La,0;, Y,0;, MoO; and Ln,O; (Ln=Eu,
Tb, Dy) were taken in stoichiometric ratios along with 0.02 M of alkali chlorides (LiCl, KCl and
NaCl), followed by using the agate mortar pestle the powders were grounded for 2 h. The
doping concentrations of Ln* were optimized in our previous work [15] and kept at constant
(0.16 M) for all the Ln* ions. Without using any binders, the homogeneously mixed powders
were pressed and pelletized in the form of disk (pellet) at a pressure of 6 tons. By eliminating
the unstable contaminants, shun pores, crack, and endorse densification, to promote the
diffusion in atomic level all through the preparation of target [16]. Furthermore, the as-
prepared pellet was annealed at 900°C for 3 h to achieve a very strong, stable and thick pellet
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having a diameter of about 2.5 cm, and thickness of about 0.4 cm is attained. Then, the annealed
target is used for laser ablation.

Ag contact

(i)

Figure 1. Photograph of different experimental methods demonstrating (a) homogeneously pelletized ceramic target,
(b) high-temperature annealed target, (c) cleaning of substrates, (d) target loading, (e) loading of substrates, (f) impuri-
ties removal in UHV chamber (glow discharge), (g) laser ablation, (h) target after ablation, (i) thin films after deposi-
tion.

The procedure for predeposition cleaning of substrates and growth of nano-thin phosphor
films were already discussed in detail on our previous work [2].

2.2. Characterization

The morphology of the product was analysed by field emission scanning electron microscope
(FESEM-SUPRA 55). Using atomic force microscopy (NTEGRA PRIMA-NTMDT, USA), the
surface topography of the thin phosphor films was studied. The crystal structure and phase
purity of as-synthesized phosphor were recognized and confirmed by PANalytical's X'Pert
PRO Materials Research X-ray Diffractometer (Almelo, USA) equipped with a CuKa radiation
(A=0.154060 A) at a scanning rate of 0.02°s! in a 26 range of 15°~60°. Further, down-conversion
PL excitation and emission studies and fluorescence decay time measurements were per-
formed at room temperature using a Cary bench-top spectrophotometer (AGILENT Instru-
ments, USA).
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3. Results and discussion

3.1. Morphological and X-ray diffraction analysis

Figure 2a and b shows the scanning electron microscopy (SEM) images of Ca,sR,..(MoO,),:xLn*
(R¥*=Y, La), (Ln*=Eu, Tb, Dy) thin phosphor film co-doped with Li*, K* and Na* metal ions
prepared at 600°C with 300 mTorr. The as-prepared phosphor film comprises homogeneous
nearly circular grains with a typical grain size around 250 nm. Based on the AFM studies, the
surface topography, line profile and roughness of the prepared thin film was estimated.
Figures 3a and 4a show the 3D AFM image of thin film of Ca,;R(MoO,),:Eu* (R=Y, La), and
the scan was performed on 3 x3 and 5 x5 um? area, respectively. From the 3D topographic
image, the as-prepared thin phosphor film comprises of polished surface with uniform
arrangement of the particles and with less agglomeration. The average roughness along with
root-mean-square (rms) of the as-grown thin film was determined as 24.72 and 26.84 nm for
CaysR,,(M0O,),:xEu® (R*=Y, La). The 3D surface topography, 2D surface scan image, line
profile, and histogram analysis are shown in Figures 3a—d and 4a-d, respectively. Based on the
scaling process, the particle size would be reduced to nano-scale in thin film which could be
efficiently used for display applications. The optimization of maintaining different substrate
temperature on rare-earth doped phosphors has been well examined and reported in our earlier
work [2].

Figure 2. The SEM image (a and b) of Cay5R,5(M0O,),:Eu* (R* =Y, La) thin film.

The crystallinity and phase purity of the prepared products were examined using indexed
powder X-ray diffraction patterns Figure 5(a and b) for as grown thin film samples. The
compound Cay5Y ;. ,(M0O,),:xRE** crystallizes in the scheelite tetragonal crystal structure with
a space group of I/,. The unit cell of Cay5Y ;.,(M0O,)* consists of [MoO,]* anions and Ca** and
Y*/La® cations. In this phase, Mo sites are occupied by the molybdenum atoms (Mo®") and
located at the centres of tetrahedron and surrounded by four equivalent oxygen (O*) atoms.
The divalent Ca* and trivalent Y*/La®" occupies the dodecahedral sites associated with the
tetrahedral symmetry. The degree of dodecahedral and tetrahedral distortions is discussed in
the previous work [2, 15, 17].
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Figure 3. The AFM images of Ca,;Y(Mo0O,),:Eu* thin film (a) 3D surface topography, (b) 2D surface scan image, (c) line
profile for vertical cross-section in 3 x 3 pm? scan area and (d) histogram analysis.

In the powder XRD pattern, all the peaks are indexed perfectly which indicates a pure
tetragonal phase having scheelite crystal structure and the planes (10 1), (112), (004), (200),
(204),(220), (116) and (1 3 2) are in well accordance with the JCPDS card no. 82-2369 of
NaY(MoO,),. No deleterious phases are found. The peak shift is not noticed with respect to
doping. An intense peak with plane (1 1 2) is found at 28.95° [2, 15, 17].

3.2. Photoluminescence properties of laser-ablated thin phosphor films:
CaysR.,(M00,),:xLn* M* (R=Y, La; Ln=Eu, Tb and Dy; M =Li, K and Na)

3.2.1. Enhancement of luminescence intensity by the persuade of alkali metal ions in
CaysR, . (MoO,),:xLn®,M*

In the phosphor material, by introducing the alkali metal chlorides, nitrates or fluorides, which
substantially increase the luminescence intensity owing to the charge compensation effect
between unequal ions [18]. On our previous work in CaysR; . (M0O,),:xLn* (R=Y, La) phos-
phor, the doping of alkali ions appreciably improves the emission properties by charge
compensation using solid-state reaction method [15, 19].
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Figure 4. The AFM images of Ca,sLa(MoO,)*Eu’*" thin film (a) 3D surface topography, (b) 2D surface scan image, (c)
line profile for vertical cross-section in 5 x 5 pm? scan area and (d) histogram analysis.
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Figure 5. XRD patterns of (a) Cay5Y(MoO,),:Ln* Na*, (b) Ca,sLa(M0oO,),:Ln* ,Na* (Ln =Eu, Tb and Dy).
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In our system, Eu*, Tb*, Dy*" and M* co-doped in Ca,sR(MoO,), (R=Y, La) matrix would
induce a distortion in lattice, and consequently, the lattice symmetry is desperately lowered
[20]. The co-doped Eu*, Tb*, Dy* and M* at the Ca?" sites in prepared thin film samples would
play a role of dominance with enhanced luminescence intensity [21]. This is due to altering the
symmetry and their surroundings in the locality of rare earth ions by adding the charge
compensators of alkali metal ions [22]. Figures 6 and 7 show the PL emission spectra of
Cay;5Y1,(M00O,),:xLn*M* (Ln=Eu, Tb and Dy; M =Li, K and Na) and CaysLa,.(M0O,),:xLn*,
M (Ln=Eu, Tb and Dy; M=Li, K and Na) thin film phosphors. The luminescence emission
intensity is deliberately increased for Na* ion co-doped CaysR; . (M0O,),:xLn* (R=Y, La; Ln=
Eu, Tb and Dy). This could be owing to the charge compensation effect, and the proposed
mechanism is Ca* — 2M* (M = Li*, K*, Na*) [21, 22]. Furthermore, the ionic radius of Na* (0.97
A) is closer to the Ca?* (1.12 A) which is somewhat better than that of K* (1.33 A) and Li* (0.59
A) [3, 15]. Hence, there is an efficient replacement of Ca* ions by alkali metal ions. This forms
the basis for the increased luminescence intensity, and obviously, Na* is having the best charge
compensation effect. The electronic configurations and its transitions are explained in the
subsequent sections.
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Figure 6. PL emission spectrum of the thin film phosphor Ca,5Y(Mo0O,),:Eu* co-doped with various alkali metal ions
[Li*(Green), K*(Red) and Na*(Blue)].
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Figure 7. PL emission spectrum of the thin film phosphor Ca,ysLa(Mo0O,),:Eu* co-doped with various alkali metal ions
[Li*(Green), K*(Red) and Na*(Blue)].

3.2.2. Photoluminescence excitation studies

3.2.2.1. Cay5Y,.(MoO,),:xLn®,Na* (Ln=Eu, Tb and Dy)

Figure 8a shows the room temperature PL excitation spectra of Cay5Y;,(M0O,),:xLn* (Ln = Eu,
Tb and Dy) thin film phosphors. The PL excitation spectrum of CaysY;,(M0O,),:xEu*,Na* is
having a wavelength range of 225-575 nm. It is showing two regions with a broad band and
intense sharp peaks. The broad band is located from 225 to 350 nm with a centre at ~306 nm
attributed to the O* to Eu** charge transfer band (CTB) and also designated as ligand-to-Eu*
metal charge transfer transitions (LMCT) [23, 24]. Above 350 nm, intense sharp peaks are
found at 362 nm (F, — °D,), 382 nm ("F,— °L,), 395 nm (’F, — 5Ly), 416 nm ("F, — °D;), 465 nm
("Fy— °D,) and 536 nm ("F; — °D;). Among which, the strong and intense peak is found at 395
nm. The characteristic configurations were attributed to the transition from the ’F, ground state
of Eu* to the upper excited states (°D; ,5, and L, ;). This strongest peak in UV region is more
suitable for exciting Eu®* ions.

Figure 8b depicts the room temperature excitation spectrum of Cay5 Y, (M0O,),:xTb* Na* with
a wavelength range of 270-390 nm in the UV region. It consists of two regions. One is from 270
to 360 nm, a highly intense and wide band designated as charge transfer band (CTB) having
centred at ~295 nm is ascribed to the charge transfer of molybdate host lattice [17]. The other
is due to {-f transitions of Tb*" and its peak is at 376 nm ("F, — °G,) which is less intense than
CTB. The energy transfer is being occurred from 4f® to 4f"5d configuration of Tb* ions [17].
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The excitation spectrum for the Cay5Y; (M0O,),:xDy*,Na* thin film phosphor is shown in
Figure 8c. The wavelength of the excitation spectrum ranges from 240 to 480 nm. The strong
broad band is ranging from 240 to 340 nm bears a centre at ~270 nm. Above 340 nm, the
numerous intense f-f transitions of Dy** ions are found. The {-f transitions are located at 353
nm (“Hysp, — °Pyp), 367 nm (*Hysp — °Psp), 388 nm (*Hysp — ‘L), 425 nm (*Hysp — *Gyyp), 453
nm (°H;s, — 4Li5,,) and 475 nm (°Hys, — “Fyp) [25]. The highly intense peak is found at 353 nm
which is the best candidate for exciting Dy** ions.
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Figure 8. PL excitation spectrum (a, b, and c) for the thin film phosphors Ca,;Y(M00O,),:Ln3+ (Ln = Eu, Tb and Dy).

3.2.2.2. CaysLa, (MoO,),:xLn*,Na* (Ln=Eu, Tb and Dy)

The room temperature PL excitation spectra of CaysLa;.,(M0O,),:xLn* (Ln=Eu, Tb and Dy)
thin phosphor films are illustrated in Figure 9a. The PL excitation spectrum of Ca,5Y;.
{MoO,),:xEu*,Na* comprises of wavelength range of 200-550 nm. It consists of two regions
with a wide band and highly intense sharp peaks. The wide band is found from 220 to 350 nm
with a centre at ~278 nm ascribed to the O* to Eu* ligand-to-Eu® metal charge transfer
transitions (LMCT) [19]. Above 350 nm, intense sharp peaks are found at 360 nm (’F, — °D,),
382nm (’F, —°L,), 394 nm ("F,— °Ly), 415 nm ("F,— °D,), 464 nm ("F,— °D,) and 535 nm (’F,
— °Dy). In that, the strongest and highly intense peak is found at 394 nm. This strongest peak
in UV region is good for exciting Eu* ions.
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Figure 9. PL excitation spectrum (a, b, and c) for the thin film phosphors Ca,sLa(M0O,),:Ln* (Ln = Eu, Tb and Dy).
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Figure 9b shows that the photoluminescence excitation spectrum of Ca,sLa, ,(M0O,),:xTb*,Na
possess a wavelength range of 220-420 nm in the UV region. Among the two regions, the broad
region is from 220 to 340 nm, ascribed to charge transfer band (CTB) which is centred at ~278
nm. The other sharp peaks are due to f-f transitions of Tb** with peaks at 369 nm (“F, — °G;) and
378 nm ("F, — 3G;) ishaving lesser intensity than charge transfer band (CTB) [19].

The room temperature excitation spectrum for the CaysLa; (M0O,),:xDy*,Na* thin film
phosphor is depicted in Figure 9c¢. The range of the excitation spectrum is from 240 to 440 nm.
The broad band ranges from 240 to 340 nm bears a centre at ~271 nm. After 340 nm, a number
of highly intense f-f transitions of Dy* ions are located. The f-f transitions are found at 352 nm
(*Hisp — °Pyp), 367 nm (*Hys;, — °Psp), 388 nm (*Hys, — *Iyp) and 428 nm (*Hys — *Gyy ) [19]. The
most intense peak that is situated at ~352 nm is fit for exciting Dy** ions.

3.2.3. Photoluminescence emission studies

3.2.3.1. Cay5Y; (MoOyy:xLn*,Na* (Ln = Eu, Tb and Dy)

The room temperature PL emission spectra for Ca,5Y;..(M0O,),:xLn*,Na* (Ln=Eu, Tb and Dy)
thin phosphor films are shown in Figure 10a. The emission spectra monitored at 395 nm UV
excitation for CaysY;.,(MoO,),:xEu* Na* illustrates a number of intra-configurational 4f-4f
transitions arising from Eu® °Dj excited state to the ’F; (J=1, 2, 3 and 4) ground states [26-28].
Upon other excitations and also with LMCT, there is no significant change in emission spectra.
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The strong and most intense emission peak is found at 616 nm upon 395 nm UV excitation is
ascribed to the °D, — ’F, electric-dipole transition depicts hypersensitive red emission which
is parity forbidden (AJ=2) [26]. Also, it shows two sub-peaks arises due to Stark energy
splitting, that is (2] +1) Stark components of J-degeneracy splitting [27]. The predominant
electric-dipole transition signifies that Eu* ions are found at sites without inversion symmetry.
The other transitions found at 587 nm (°D, — “F;) show orange emission owing to magnetic-
dipole transition. The other relatively weaker transitions are located at 655 nm (°D, — ’F;) and
702nm (°Dy,— “F,) [28]. The red emission to orange emission (R/O) ratio for the thin film
phosphor is 5.2536. From these findings, it is evident that Cay5Y,.(M0O,),:xEu*,Na* possess
scheelite tetragonal structure having C,, site symmetry could be used for display applications.

The PL emission spectrum for CaysY;.(M0O,),:xTb*,Na" upon ~295nm UV excitation is
shown in Figure 10b, comprises four PL emission bands having peaks at 489 nm (°D, — 7F),
545nm (°D, — 7F;), 587 nm (°D, —F,) and 621 nm (°D, —“F;). In these emission peaks, the
highly remarkable green colour is located at 545 nm related to the predominant transition °D,
— 7F5 [27]. Itis due to the energy transfer from the host which is populating only °D, level. The
dominant emission peak which is having two sub peaks is due to the Stark energy splitting
and forms the suitable candidate for display applications.
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Figure 10. PL emission spectra (a, b, and c) of the thin film phosphors Ca,;Y(MoO,),:.Ln*,M* (Ln=Eu, Tb and Dy; M =
Na).
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The room temperature PL emission spectrum (Figure 10c) for the thin film phosphor
Cay;5Y 1, (M00,),:xDy*,Na* excited upon 353 nm excitation wavelength. The emission spec-
trum consists of two major peaks with respective peaks at 485 nm ascribed to magnetic di-
pole transition of (“Fy, — ®H;s,) and 576 nm related to forced electric dipole transition of
*Fy, — H3. The magnetic dipole transition is lesser sensitive to the coordination environ-
ment [27, 28]. The forced electric dipole transition is appeared only in the case of Dy ions
which are found at the local sites without inversion centre symmetry [28]. The respective
blue emission having a centre at 485 nm is relatively lower intense than predominant yel-
low emission. The yellow-to-blue line ratio is 6.8026 which signifies that forced electric di-
pole transition is in dominance thereby indicating that the Dy* ions would found at the
local sites with non-inversion centre symmetry in the Cay5Y;_(MoQO,), host.

3.2.3.2. CaysLa, (MoO,),:xLn*,Na* (Ln=Eu, Tb and Dy)

The room temperature PL excitation spectrum of Ca,;sLa; (M0oO,),:xEu® thin phosphor films
monitored at 394 nm excitation wavelength is shown in Figure 11a, consists of numerous intra-
configurational 4f-4f transitions. As the Eu*" concentration in the Ca,sLa(MoQ,), host lattices
increases, the photoluminescence emission of the host is suppressed due to the overcoming
of Eu** ions. The intensities of the different °D; — ’F; transitions might depend on the local
symmetry of crystal field of Eu* ions [19]. The highly intense and strong emission peak is
located at 615nm upon 394 nm UV excitation corresponds to the Dy, — F, electric-dipole
transition showing hypersensitive red emission with parity forbidden (AJ = 2). The split-up in
the peaks is due to the Stark energy splitting, which is having (2] +1) Stark components of J-
degeneracy splitting [28]. The predominant electric-dipole transition implies that Eu®* ions
would be situated at sites with non-inversion symmetry [15]. The transitions located at 586 nm
show emission in the orange region which is associated with magnetic-dipole transition (°D,
—7F,) and is not affected by the chemical surroundings of Eu*. The remaining transitions at
654 nm (°D, — "F;) and 701 nm (°D, — “F,) are the weakest ones. The red-to-orange emission
(R/O) ratio of the phosphor is 5.5311 which suggests the sites symmetry of the respective Eu*
ions. Based on these observations, it is suggested that Ca,sLa;.(MoO,),:xEu*,Na*" might be a
suitable phosphor candidate for solid-state lighting applications.

The PL emission spectrum for CaysLa; (M0O,),:xTb**,Na* recorded at ~278 nm UV excitation
is shown in Figure 11b which consists of four PL emission peaks at 489 nm (°D, — 7F,), 545 nm
(°*D,—7F;), 585nm (*D,—7F,) and 621 nm (*D,— F;). Among these emission peaks, the
sensitive green colour is located at 545 nm associated to the predominant transition °D, — “F;
[19]. It is based on the energy transfer from the host populates only °D, level. The dominant
emission peak possesses two sub peaks which correspond to the Stark energy splitting.

The room temperature PL emission spectrum (Figure 11c) for the thin phosphor film Ca,sLa;.
{(Mo0O,),:xDy* Na* excited with 352nm excitation wavelength. The emission spectrum
comprises of two major peaks with peak positions at 477 nm attributed to magnetic dipole
transition of (*Fy;, — °Hjs;,) and 570 nm corresponds to forced electric dipole transition of *F,,
— Hy;p, [25]. The magnetic dipole transition is least sensitive to the coordination environment.
The forced electric dipole transition would be found only in the case of Dy* ions situated at
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the local sites without inversion symmetry [19]. The emission in the blue region having a centre
at 477 nm is having relatively least intense than predominant yellow emission. The yellow-to-
blue line ratio is 6.0076 which implies that the forced electric dipole transition is most dominant
hence indicating that the Dy ions are situated at the local sites with non-inversion symmetry
in the Cay;La;(MoO,), host.
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Figure 11. PL emission spectra (a, b, and c) of the thin film phosphors Ca,;La(M0O,),:.Ln*,M* (Ln=Eu, Tb and Dy; M =
Na).

3.3. Photometric characterization and decay-time analysis

Figures 12a, b and 13a, b show the decay time profile and Commission Internationale de
I'Eclairage (CIE) colour chromaticity coordinates of the Ca,5Y, ,(M0O,),:xLn*,Na* (Ln = Eu, Tb
and Dy) and CaysLa, (Mo0O,),:xLn*,Na* (Ln=Eu, Tb and Dy) phosphors. The CIE colour
chromaticity coordinate of these phosphors was estimated and is given in Table 1. Further-
more, to know about the characteristic emission of these phosphors, the value of colour purity

was derived by the equation [24]

Je—x) 4 (r-3)
\/(xd _xi)2 +(J’d _yi)2

100 1)

Colourpurity =
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where (x, y) is denoted as CIE chromaticity coordinate of the synthesized sample, (x; y,) is the
CIE white illumination, and (x4, y,) is the CIE chromaticity coordinate of the dominant wave-
length. Thus, the colour purities of the Cay5Y,.(M0O,),:xEu®,Na*, Cay5Y,..(M0O,),:xTb* Na*
and Cay;Y;..(MoO,),:xDy* Na* phosphors are 90.0, 87.5 and 81.3%, respectively. Similarly, the
colour purities of the CaysLa;. . (MoO,),:xEu*,Na* CaysLa; (M0O,),:xTb* Na* and CaysLa;.
+(Mo00,),:xDy*,Na* phosphors are 95.0, 91.9 and 81.7%. From the results, it is suggested that
these phosphors with remarkable CIE chromaticity coordinate with high colour purities might
be suitable for applications in display devices as the best red, green and yellow emitting phos-
phors.
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Figure 12. Luminescence decay profiles (a and b) for the thin film phosphors CaysR, (M0oO,),:xLn* (R*=Y, La),Na*
(Ln=Eu, Tb and Dy).
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Figure 13. CIE diagram (a, b) for the thin film phosphors Ca,5Y(Mo0O,),:Ln* Na* (Ln=(A) Eu, (B) Tb and (C) Dy).
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The representative PL decay curves for luminescence emission for the phosphors Ca,5Y;.
AMoO,),:xLn*Na* (Ln=Eu, Tb and Dy) and Ca,sLa, (M0O,),:xLn* Na* (Ln=Eu, Tb and Dy)
are shown in Figure 12a, b. This can be fitted well into a single exponential function [15, 27]
as

I= loexp[_?t) @)

where [, is the luminescence intensity at times =0 and 1 is its associated luminescence lifetime.
The photometric quantities and luminescence decay time values are given in Table 1.

Phosphor CCT (K) CRI Colour coordinates LER (Im W7)  Colour purity (%) 7 (ms)
X Y
Cay5Y(MoO,),:Eu*,Na* 1149 33 0.635 0.365 162 90.0 0.462
Cay5Y(Mo0O,),:Tb*,Na* N/A 26 0.296 0.564 491 87.5 0.455
Cay5Y(MoO,),:Dy*,Na* 3658 18 0414 0.478 525 81.3 0.172
CaysLa(MoO,),:Eu*,Na* 1196 42 0.656 0.343 321 95.0 0.481
CaysLa(MoO,),:Tb* Na* 6850 12 0.251 0.570 530 91.9 0.485
CaysLa(Mo0O,),:Dy* ,Na* 4195 16  0.404 0.485 462 81.7 0.187

Table 1. Photometric parameters, color purity and luminescence decay time for the phosphors CaysR,(M0O,),:xLn*,
Na* (R=Y, La; Ln=Eu, Tb and Dy).

3.4. Photoluminescence emission studies from nano-architectures

The thin phosphor films grown from nano-powder are being synthesized by the hydro-
thermal method, and the synthesis procedure is described previously by our group [17].
The luminescence emission intensity is being enhanced by co-doping of alkali metal ions.
Furthermore, for the co-doping of alkali precursors, instead of using alkali chloride, alkali
carbonates were taken and converted them into alkali nitrates. These alkali nitrates were
co-doped with the existing precursors following the hydrothermal method nano-powders
were synthesized and thin films were deposited from these powders [17]. The room
temperature PL emission spectrum for CaysR, . (MoO,),:xEu*,Na* (R=Y, La) as the repre-
sentative thin phosphor films are shown in Figure 14. The emission spectra monitored at
395nm UV excitation for both the phosphors shows a number of intra-configurational f-
f transitions. The strong and most intense emission peak is found at 616 nm for CaysY.
(MoO,),:xEu* Na* and 615 nm for Cay;La;,(M0O,),:xEu*,Na* is attributed to the D, — F,
electric-dipole transition possess hypersensitive red emission [15, 28, 29]. The Stark energy
splitting is mildly shown for both the phosphors. It is noticed that the splitting of the
electric dipole transition is uniform and homogeneous between the two thin phosphor
films. The intensity of the spectral peaks for the nano-thin phosphor film is nearly close
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to that of those from the bulk thin phosphor film, as peak intensity is related to reduced
particle size and improved homogeneity [17, 29]. The dominant electric-dipole transition
suggests that Eu* ions are found at sites with non-inversion symmetry [30]. The other
transitions found at 587 nm (°D,— 7F,) for Ca,;Y;.(Mo0O,),:xEu* Na* and 586 nm (°D,—
’F)) for CaysLa; (MoO,),:xEu*,Na* show orange emission due to magnetic-dipole transi-
tion. The other relatively weaker transitions are found at 654nm (°D,— ’F;) and 702 nm
(°Dy—7F,) for both the nano-thin phosphor films. The photometric parameters for both
the phosphors are under further investigation. From these results, it is indicated that
CaysR1(M0O,),:xEu*,Na* (R=Y, La) phosphors are best candidates for display applica-
tions.
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Figure 14. PL emission spectrum of the thin film phosphors Ca,;Y(MoO,),:Eu*Na* and Ca,;La(Mo0O,),:Eu*,Na* pre-
pared from nano-phosphors.

4, Conclusion

In conclusion, the nano-sized single crystalline CaysLa; (M0O,),:xEu*,M* ceramic thin
phosphor films deposited on quartz substrates by pulsed laser deposition technique using Nd-
YAG laser source in an ultra-high vacuum (UHV). The FESEM images exhibited the spherical-
shaped phosphor particles. XRD patterns revealed the scheelite-type crystal structure without
any impurity phases. By using AFM, the surface topographies and distributions of grains were
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investigated. Upon optical excitation, Eu-, Tb, and Dy-doped Ca,sLa, . (M0O,),:xEu*,M* thin
phosphor films showed characteristic emissions in the bright-red, green and yellow regions,
respectively. The obtained results suggested that the deposited thin film phosphors could serve
as efficient materials for electroluminescence and display applications.
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Abstract

Bismuth chalcogenides have been intensively studied for their high-performance
thermoelectric properties and their novel topological surface states, which could
significantly benefit novel applications in fields such as TE devices, spintronics, and
quantum computing. This chapter reports recent advances in pulsed laser deposition
(PLD) for the growth of bismuth chalcogenide (e.g., Bi,Te;, Bi,Se;, and Bi;Se,Te) thin films
and their novel properties. It covers a wide range of fields such as thin film growth using
PLD for fabricating polycrystalline and epitaxial films with different thermoelectric,
nanomechanical, and magnetotransport properties as a function of the PLD processing
conditions. Moreover, the proximity-induced superconductivities in Bi inclusions/
bismuth chalcogenide thin films are also reported and discussed in detail.

Keywords: pulsed laser deposition, thermoelectrics, topological insulators, bismuth
chalcogenides, superconductivity, magnetoresistance

1. Introduction

Bismuth chalcogenide thin films are of great interest because of the exciting properties of
topological insulators (TIs) and their applications to thermoelectrics (TEs). These materials
have been applied in integrated TE cooling devices working at near room temperature [1, 2].
TIs are exotic materials with an insulating bulk and topologically protected states on the
surface which could be used in different applications, such as spintronics and quantum
computing [3-6]. The topological surface states (TSSs) exhibit Dirac linear energy dispersion

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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inside the bulk gap, spin-polarization by spin-momentum locking nature, and weak anti-
localization (WAL) due to the strong spin-orbit coupling [3-6]. Thus, the WAL through
magnetotransport studies has been widely used as a signature of TI materials [7-9].

For application purposes, thin film growth techniques for TE and TI materials are required.
Among physical vapor deposition techniques, pulsed laser deposition (PLD) offers great
versatility in growing polycrystalline and epitaxial thin films with high growth rates, multiple
elements, and diverse structural morphologies for both fundamental studies and applications.
The purpose of this chapter is to outline recent advances in the PLD growths of bismuth
chalcogenide thin films with desired properties for TE/TI applications and fundamental
studies.

2. Thin film growth using pulsed laser deposition (PLD)

Thin film growth consists of nucleation, growth, and coalescence (Figure 1a). In a physical
vapor deposition, an extremely nonequilibrium process takes place at high supersaturations
and at comparatively high concentrations of impure atoms [10]. Nucleation takes place at high
supersaturations S (defined as S = p/p,, where p is the vapor pressure of the deposited material
evaporated from the source at temperature T and p, is the equilibrium vapor pressure of the
substrate material at temperature T;). The incident vapor arrives at the surface of substrates
and then forms small but highly mobile clusters or islands with uniform distribution. In this
stage, the impinging atoms and subcritical clusters are incorporated and consequently increase
their sizes, while the island density rapidly saturates. In the following stage, the islands are
emerged via a coalescence phenomenon which is liquid-like for some cases, especially at high
substrate temperatures. Coalescence leads to a decrease in island density and forms local
denuding positions on the surface of substrates where further nucleation can then occur
(Figure 1a) [11]. The sequence of film nucleation and growth events can be well appreciated
in the transmission electron microscopy (TEM) images in Figure 1b-d [11].

2.1. Basic growth modes

For all phase transitions, the formation of thin films is characterized by the formation of nuclei
and their growth. Depending on the interaction energies of substrate atoms and film atoms,
any of three growth modes in Figure 2a—c can occur:

* 2D Frank-van der Merwe mode: layer-by-layer growth, in which the interaction between
substrate and atoms of film is greater than that between adjacent atoms of film.

* 3D Volmer-Weber mode: separated islands form on the surface of substrates, in which the
interaction between atoms of film is greater than that between a substrate and the adjacent
atoms of film.

* Stranski-Krastanov mode: layer plus island, in which one or two monolayers form first and
then grow individually.
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25A

Figure 1. (a) Schematics of thin film growth processes: nucleation, growth, coalescence. Transmission electron micro-
scope images of (b) nucleation, (c) growth, and (d) coalescence of Ag films on (1 1 1) NaCl substrates. Corresponding
diffraction patterns are shown.
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Figure 2. Basic modes of thin film growth: (a) island in the Volmer-Weber mode, (b) layer by layer in the two-dimen-
sional Frank-van der Merwe mode, (c) layer plus island in the Stranski-Krastanov mode. (d) Shadowing growth: a
schematic of three-dimensional Monte Carlo simulations for oblique angle deposition [13].
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After an initially random nucleation of islands on the surface of the substrates, the deposition
on the top of the islands is faster than that in the valleys due to the oblique incident flux (the
so-called shadowing effect) [12, 13]. Isolated columns are therefore formed on these islands
during subsequent growths (Figure 2d) [13].

2.2. Epitaxy growth

Epitaxy refers to the growth of a single crystal film on top of a single crystal substrate. The
deposited film is denoted as an epitaxial film or epitaxial layer. The growth is called homoe-
pitaxy if the film and the substrate are the same material, and it is called heteroepitaxy if they
are different materials. Epitaxial relationship is determined as: (HKL) | | (hkl); [UVW] || [uvw],
where (hkl) and (HKL) are the Miller indices of the overgrowth plane and substrate at the
common interface. The corresponding parallel directions in the overgrowth and substrate
planes, denoted by [wuw] and [UVW], respectively, must also be specified.

2.3. Factors governing the epitaxy growth

The key factors governing epitaxy growths are structural compatibility, chemical compatibility,
and growth temperatures.

- Structural compatibility: The structures of a film and a substrate should have good lattice
matching in terms of crystal structures (a,, ,;,) and lattice constants (ay, 4,,), that is, small lattice
misfit.

Lattice misfit f:

f= o.sup ~ Yo, pim_ Yo,sup ~ Yo, fitm o

)

aO‘ film a(),.vub

- Chemical compatibility: This includes chemical bonding and chemical diffusion.

- Growth temperatures: Good epitaxy growth is obtained at above or around the well-defined
elevated substrate temperature (T,). T, depends on the deposition rate, particle energy, and
surface contamination. Generally, a higher temperature is recommended to reduce surface
contamination by desorption (or enhance surface mobility) of atoms to reach the favorable sites
and also enhance the diffusivity in deposition for favoring re-crystallization and defect
annihilation.

2.4. Preparation of bismuth chalcogenide films by PLD

PLD is one of the most convenient thin film growth techniques that uses a high-intensity pulsed
laser beam as an external energy source to ablate a target, form a plume, and then deposit thin
films onto a substrate. Figure 3 shows a typical PLD system for preparing TE and TI thin films.
A substrate is heated and maintained at a desired substrate temperature (Ts) using a thermo-
couple and a proportional-integral-derivative temperature controller. The thermocouple was
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buried inside a stainless steel substrate holder, which is heated by a tungsten lamp just behind
the holder. The pressure of ambient gas (He/Ar) can be fine-tuned by the needle valve. A KrF
excimer laser beam (A =248 nm, pulsed duration of 15-20 ns, repetition rate in the range of 1-
15 Hz, and fluence of 1-10 J/cm?) is guided by several UV mirrors and focused on a stoichio-
metric polycrystalline or a single crystal target (e.g., Bi,Te;, Bi,Se;, Bi,Se,Te) within the vacuum
chamber by a UV lens. The target-to-substrate distance was 40 mm. During the deposition of
Bi,Se; films, pure (6N) He/Ar gas was introduced into the vacuum chamber, which was
evacuated to a base pressure of 4 x 10 Pa (or 3 x 10 Torr) and maintained at a certain constant
pressure (P), using a differential evacuation system.

KrF lascr 248 nm Mirror

| ——Lens
Viewport Pirani gauge
Mechanical pump
1.0 = 10" Torr
Lamp Mechanical
feedthrough
PFlume
Maotor
'
Substrate Electrical
feedihrough
otating
target
Gas He/Ar gases
feedthrough Turbo pump
L0 = 10*Torr

Figure 3. Schematic illustration of a pulsed laser deposition (PLD) system. G: gauge.

The surface of substrates should be atomically clean and free from impurities because the
contaminants can interact with the thin films being deposited and substantially degrade its
quality and adhesion to the substrates. The presence of unwanted surface contaminants can
also influence the growth and orientation of the films in an undesired manner. In the deposi-
tions for TE thin films, an approximately 300-nm-thick SiO, layer was thermally grown on the
Si wafers (thickness 525 um) for electrical isolation purpose. The wafers were cut into 1.5 cm
x 1.5 cm substrates. The substrates were cleaned with acetone to dissolve any contaminants
adhering to the surface of substrates such as grease and oils. This was followed by rinsing with
methanol to remove any residues left behind after cleaning with acetone. Afterward, the
substrates were rinsed in distilled water and dried with nitrogen flow. The substrates were
then used for the deposition of TE thin films.

Here are some examples of PLD growth of TE films. For Bi,Se; thin films, the depositions were
at T of 200-350°C and helium ambient pressure (P) of 0.7-173 Pa. The number of laser pulses
was 9000 and the deposition took 30 min. The average growth rate was approximately 0.46 A/

59



60 Applications of Laser Ablation - Thin Film Deposition, Nanomaterial Synthesis and Surface Modification

pulse [14]. For the growth of Bi,Te; thin films, T was varied from room temperature (30°C) to
380°C and the Ar ambient pressure (P,,) was at 80 Pa. The number of laser pulses was 12,000
and the deposition took 40 min. The average growth rate was approximately 0.52 A/pulse [15].
For the growth of Bi-Se-Te thin films, the depositions were at T of 200-350°C and a helium
ambient pressure (Py,) of 0.027-86.7 Pa. The number of laser pulses was 9000 and the deposition
took 15 min. The average growth rate was approximately 0.6 A/pulse [16].

3. Thermoelectric bismuth chalcogenide thin films

3.1. Crystal structures of bismuth chalcogenides

The crystal structures of bismuth chalcogenides (e.g., Bi,Tes, Bi,Se;, and Bi;Se,Te) are usually
described by a hexagonal cell consisting of 15 layers of atoms stacking along the c-axis with a
sequence shown below [17], as shown in Figure 4a and b.
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Figure 4. Crystal structures of (a) Bi,Te;, (b) Bi,Se;, and (c) Bi;Se,Te in the form of (Bi,),(Bi,Se,Te), (1 =1, n = 2) homolo-
gous series. The unit cells are marked with black thick boxes. (d) X-ray diffraction patterns of the typical TE bismuth
chalcogenide thin films grown at 300°C on SiO,/Si substrates.

A 5-atomic-layer-thick lamellae of -(Te®-Bi-Te®-Bi-Te()- or -(Se(V-Bi-Se®-Bi-Se®)- is called a
quintuple layer, QL, in which the Te-Bi and Bi-Te® or Se("-Bi and Bi-Se® are ionic-covalent
bonds. Because of the weak binding (i.e., Van der Waals force) between Te or Se layers, bismuth
chalcogenides could be cleaved easily along the plane perpendicular to the c-axis. It also
induces the anisotropic thermal/electrical transport properties. For example, the thermal
conductivity along the plane perpendicular to the c-axis (~1.5 W m™ K™) is nearly two times
higher than that along the c-axis direction (~0.7 W m™ K™) [17, 18].

The crystal structures of Bi;Se, Te can be formed by ordered stacking of Bi,Se,Te and Bi, building
blocks, that is, (Bi,),(Bi,Se,Te), (m =1, n=2)[19, 20], in which the covalently connected double
layers of bismuth (Bi-Bi) lie between two QL (Se-Bi-Te-Bi-Se) blocks (Figure 4c); the (Bi-Bi)
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strictly alternates with two QL (Se-Bi-Te-Bi-Se) blocks [9, 20]. Figure 4d shows the typical
XRD patterns of Bi, Te;, Bi,Se,;, and Bi;Se,Te thin films grown on SiO,/Si substrates at Ts=300°C.
They exhibit the dominance of (0 0 1) family planes of the rhombohedral phases of Bi,Te,
(PDF#82-0358), Bi,Se; (PDF#33-0214), and Bi;Se,Te (JCPDS 00-053-1190), indicating that the
films are highly c-axis oriented (i.e., textured films).

3.2. Introduction to thermoelectrics and applications

Thermoelectric materials are solid-state energy converters in which the combination of
thermal, electrical, and semiconducting properties allows them to be used to convert waste
heat into electricity or electrical power directly into cooling and heating [21].

3.2.1. The thermoelectric figure of merit (ZT)

The performance of the thermoelectric materials is often denoted as figure of merit Z whose
unit is K or ZT with the dimensionless unit [17, 22].

T @)

where 0, a, k, and T are the electrical conductivity, Seebeck coefficient, thermal conductivity,
and absolute temperature, respectively. The total thermal conductivity can be splitinto a lattice
contribution (x;) and an electronic contribution (x;). The quantity a’s is commonly used to
represent the thermoelectric power factor (PF).

The efficiency of a thermoelectric device is directly related to ZT. For power generation, the
maximum efficiency (1) is expressed by [23]

_T,-T. N1+ZT-1
T, T+ 2T + % ®)
T

and for air-conditioning or refrigeration, the coefficient of performance is [23]

\/1+ZT—%

cop LT @
T,-T. J1+2ZT +1

where T, and T, are the hot-end and cold-end temperatures of the thermoelectric materials,
respectively, and T is the average temperature of T, and T.. Therefore, the enhanced ZT value
of TE materials is important to increase the COP for practical applications.
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3.2.2. Conflicting properties in thermoelectric materials

Maximizing ZT is challenging due to the interdependence of the TE parameters. An increased
power factor a’c by optimizing the carrier concentration n and/or a reduced lattice thermal
conductivity k; by introducing the scattering centers are necessary to enhance ZT value. The
dependences of these parameters with scattering factor r, carrier effective mass m’, carrier
mobility u, and their interconnectivity limits the ZT to about 1 in large bulk materials [24].

The electrical conductivity (o) and electrical resistivity (p) are related to n through the carrier
mobility u:

1/p=0=neu )

The Wiedemann-Franz Law [2] states that the electronic contribution to the thermal conduc-
tivity is proportional to the electrical conductivity (o) of the materials, with the relationship
being

K, =LoT =neulT (6)

where e is electron charge, and L is the Lorenz factor of 2.48 x 107 J/K* C? for free electrons
and this can vary particularly with carrier concentration [2].

The kinetic definition of « is the energy difference between the average energy of mobile
carriers and the Fermi energy [25]. An increase in 7 leads to the increase in both the Fermi
energy and the average energy, but the former increases more rapidly than the latter and thus
results in a decrease in « value and a reduction factor of a?n. Thus, in attempting to increase
ZT for most of the homogeneous materials, the carrier concentration (1) increases electrical
conductivity (o) but reduces the Seebeck coefficient (). For this reason, in metals and degen-
erate semiconductors (energy-independent scattering approximation), the Seebeck coefficient
can be expressed as [2]:

SE 2/3
=55 o T )
3eh 3n

The high m" causes the Seebeck coefficient to rise according to Eq. (7). High m" materials
generally possess low p which limits the enhancement of power factor by (m")*?. Noticeably,
the defect scatters are not only the phonons but also the electrons which lead to reduce «; as
well as . Therefore, the ratio of ji/x; determines the improvement in ZT [17, 24]. Although the
increase in the ratio is usually experimentally achieved through a greater reduction in «; rather
than that in i, some fundamental issues in this mechanism are not understood well [24].

Figure 5 shows the compromise between large a and high ¢ in thermoelectric materials that
must be struck to maximize the figure of merit ZT. Meanwhile, the low carrier concentration
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will result in lower electrical conductivity with decreasing ZT. The ZT and PF peaks typically
occur at carrier concentrations between 10 and 10*! carriers per cm?® (depending on the
material system), which fall in between common metals and semiconductors, that is, the
concentrations found in heavily doped semiconductors [2].
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Figure 5. Maximizing the efficiency (ZT) of a thermoelectric device involves a compromise of thermal conductivity (x,
plotted on the y-axis from 0 to a top value of 10 W m™ K™) and Seebeck coefficient (a, 0-500 pV K™) with electrical
conductivity (g, 0-5000 Q™' cm™) [2].

3.2.3. Overview of thermoelectric applications

TE devices have unique features: no moving parts, substantially less maintenance, quiet
operation, high power density, low environmental impact, and high reliability [26]. Commer-
cial use has been made mostly from Peltier thermoelectric cooling (TEC) effect, such as in small
refrigerator devices used for camping and outdoor activities, automotive climate control seats,
and localized cooling at the hot spots of chips. Figure 6 gives an overview of the present and
potential applications of thermoelectric generators (TEGs) [27]. Indeed, TEGs have been used
for the power in miniaturized autarkic sensor systems, automotive waste heat recovery
systems, ventilated wood stove, heating systems, water boilers, and heat recovery in industry.
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Figure 6. Overview of the potential applications of thermoelectric generators [27].

3.3. Thermoelectric properties of polycrystalline Bi,Te;, Bi,Se;, and Bi;Se,Te thin films with
controlled structure morphology

Some typical HRTEM images of Bi,Te;, Bi,Se;, and Bi;Se,Te grown using PLD are shown in
Figure 7 [14-16]. HRTEM images performed on a high u Bi,Te; film with nanodisk-like
morphology grown at 220°C are shown in Figure 7a. Clearly, the lower inset in Figure 7a shows
the film with uniform thickness of approximately 295 nm and a SiO, layer with a thickness of
300 nm. It shows that projected period of 0.508 nm along the c-axis corresponds to the lattice
spacing of the (0 0 6) planes. The highly (0 0 1)-orientated and crystallized structures of the
film should facilitate the transport of charge carriers. The c-axis lattice constant of the Bi,Te,
film is 30.48 A, which agrees closely with the value (30.44 A) presented in JCPDS 82-0358. The
other Bi,Te; films grown at T > 220°C also display similar HRTEM results.

For a Bi,Se; film deposited at 300°C and 40 Pa, an HRTEM image taken at the boundary of
three platelets (P1, P2, and P3) revealed the granular-polycrystalline structure of the films
(Figure 7b). Moreover, P1 and P2 partly overlapped and the corresponding fast Fourier
transform (FFT) of this overlapping region indexed by {0 0 3} patterns of [0 1 0] zone axis was
performed from the dashed-square area (Figure 7b, inset). The projected period along the c-
axes of both P1 and P2 was 9.60 A, corresponding to (0 0 3) planes, which was close to the
reported value of 9.55 A in Ref. [28].
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HRTEM images of a Bi;Se,Te film deposited at 250°C and 40 Pa are shown in Figure 7c and
d. Nanocrystallites with sizes of 10-20 nm are clearly observed in Figure 7¢c, confirming the
nanocrystalline type of the Bi;Se, Te films. The interplanar spacing of the Bi;Se,Te (0 0 5) planes
in the nanocrystallites is approximately 0.464 nm. Therefore, the c-axis lattice constant is
determined to be 23.2 A, closely agreeing with the value of 23.25 A for Bi,Se,Te bulk (JCPDS
00-053-1190). In addition, the white lines in Figure 7c indicate the orientations of the (0 0 5)
planes. It is seen that the overall orientation of the crystallites is disorganized. Intriguingly,
near the interface of the film and substrate, the film has some nanoinclusions with sizes of 12—
17 nm, as shown in Figure 7d. The EDS analysis shows that these are Bi semimetal nanopre-
cipitates (the inset in Figure 7d). The lattice spacing of Bi nanoinclusions is ~0.32 nm, corre-
sponding to the Bi (0 1 2) planes. It has been found that Bi nanoinclusions can lead to the
enhanced Seebeck coefficient and reduced lattice thermal conductivity owing to the low-
energy electron filtering and phonon scattering at the nanoinclusions, respectively [29-31].

)

0.320 nm

10 “nm.:

Figure 7. (a) HRTEM images of a high carrier mobility (u) Bi,Te; film with nanodisk-like morphology grown at 220°C
and P,, of 80 Pa. (b) HRTEM image of an optimized Bi,Se; film deposited at 300°C and Py, of 40 Pa. The inset shows the
FFT patterns of the dashed-square area in the HRTEM image. (c and d) HRTEM images of the Bi;Se,Te film grown at
250°C and Py, of 40 Pa. The white lines in (c) indicate the (0 0 5)-orientation of nanograins. Inset in (d): FFT patterns
and EDS spectra performed at film and Bi nanoinclusion positions.
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Figure 8a shows the Ts-dependent a, 0, and PF (= a%0) of some nanostructured Bi, Te; films [15].
The o value gradually increased from 34.5+0.1 to 814.3 + 1.5 S/cm when T was increased from
30 to 300°C, and then sharply decreased to 647.3 + 0.4 S/cm at 340°C and 414.0 + 1.2 S/cm at
380°C. The enhanced ¢ (= 647.3 — 814.3 S/cm) of the films grown at 220-340°C originated from
the substantially enhanced p because the n exhibited a slight decrease [15]. Although the
coupled relationship between o (= ney) and lal (~n??) generally constrains the concurrent
enhancement of o and |al, areduction in # and a substantial increase in y in the same optimal
range of T (=220-340°C) could lead to high values of both ¢ and |a|. Consequently, the PF of
the stoichiometric Bi,Te; films grown in the range of 220-340°C reached remarkably high
values, ranging between 18.2 + 0.25 and 24.3 + 0.44 uW cm™ K2, whereas the PF was low (<0.44
UW cm™ K™) in the case of nonstoichiometric films deposited at Ts < 120 or 380°C (Figure 8a).
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Figure 8. (a) Substrate temperature (Ts) dependence of room temperature Seebeck coefficient « (red circles), electrical
conductivity ¢ (blue triangulars), and power factor (PF = a?c, black squares) of the Bi,Te, and Bi,Te; (for “PH” point)
films. The morphology abbreviations: CNP, columnar nanoparticle; CNF, columnar nanoflower; ND, nanodisk; CP,
compact polycrystalline; LTP, layered triangular platelet; PH, polyhedral. (b) Contour plot of the Bi,Se, film’s PF as a
function of Py, and Ts. The morphology abbreviations: SC, smooth and compact; RG, rice grain; TP, triangular polygo-
nal; S-LFs, super-layered flakes; L-HPs, layered hexagonal platelets. (c) Contour plot of the film’s PF as a function of T
from 200 to 350°C and Py, from 0.027 to 86.7 Pa. (d) |S| vs. ¢ of the films in this study and the relevant novel TE mate-
rials in the literature, listed in Table 1. Solid curves denote different PFs from 1 to 50 pW cm™ K™

In order to check the evolution of the PF (= a®0) as a function of Py, and T, the contour plot is
illustrated Figure 8b. The PF of Bi,Se; films increased with increasing T from 200 to 300°C
because ¢ became considerably larger but the Seebeck coefficient diminished only slightly.
However, for films deposited at 350°C, PF was lowered primarily because of the reduction in
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S and not the increase in 0. At intermediate pressures (40-93 Pa), the Bi,Se; films remained
stoichiometric or slightly Se-rich compositions, which in turn led to the reduced carrier
concentrations and significantly enhanced the a values [14]. Thus, the PF of Bi,Se; films grown
at intermediate pressure was typically higher than the PF of films grown at a low or high
pressure. The optimal value of PF was 5.54 +0.34 uW cm™ K2 for the layered hexagonal platelet
Bi,Se; films deposited at 300°C and 40 Pa [14].

System Type Method n u 0 (S/ecm) a (uWV/K) PF (uW References
(10®  (cm?Vs) cm™ K?)
cm®)

Bi,Te, Layered smooth film PLD 10.1  90.6 1464 -186 50.6 [39]

Bi,Te, Layered compact PLD 5.0 102 814.3 -172.8 24.3 [15]

polycrystalline

Bi,Te, Nanoparticle film PLD 9.7 148 230 -91 1.9 [34]

Bi,Te; Super-assembled film PLD 40 124 79 -113 1.0 [33]

Bi,Se, Layered hexagonal PLD 74 814 963.8 -75.8 5.5 [14]

platelets

Bi,Se,Te Nanocrystalline film PLD 355 344 1747.5 -68.8 8.3 [16]

Bi,Te, Layered structure Sputtering 95 12.1 1840 -70 8.8 [35]

Bi,Se; Bulk Melting and - - 251.9 -175 7.7 [32]

hot-pressing

Bi,Se;;Te,; Bulk Ball milling hot - - 892 -190 322 [36]
pressing

BiSe,;Te;s Bulk Zone melting 1.2 230 441.6 -193 16.5 [37]

Bi,Se,sTe;, Nanoplatelet bulk Polyol method - - 199.6 -80.9 1.3 [38]

Bi,Se,Te Bulk Ball milling hot - - 1613 -60 5.8 [36]
pressing

Table 1. Material, type, method, carrier concentration (1), mobility (u), electrical conductivity (o), Seebeck coefficient
(S), power factor (PF = S%) of the optimal bismuth chalcogenide films in this study as compared to properties of Bi,Tes,
Bi,Se;, Bi,Se,Te,_, bulk and films reported in the literature. All the selected values were recorded at room temperature.

The Ts- and Py-dependent PF of nanocrystalline Bi;Se,Te films is further shown in Figure 8c.
The films grown at 200°C only have PFs of 1.0-2.8 uW cm™ K. The PFs of the films grown at
higher T are significantly enhanced because of their high ¢ values. Around T = 250-350°C
and Py, =40 Pa, a window for high PF is clearly observed. An optimal PF of 8.3 yW cm™ K™
is achieved for a Bi,Se,Te film deposited at 250°C and 40 Pa.

Table 1 summarizes the transport and room-temperature TE properties of bismuth chalco-
genides in the literature [14, 15, 32-39]. For PLD growths, the highly (0 0 1)-oriented layered
Bi,Te; films achieved a PF of 50.6 uW cm™ K [39], and the layered compact polycrystalline
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film possessed a PF value of 24.3 pW cm™ K2 [15]. The Bi,Se; films generally have lower TE
properties than those of Bi,Te; films. For example, the optimal PF of the Bi,Se; films grown
by PLD was 5.5 uW cm™ K [14], which was slightly lower than the PF of Bi,Se; bulk (PF =
7.7 uW cm™ K?) [32]. The nanocrystalline Bi;Se,Te films had an optimal PF of 8.3 yW cm™!
K2 [16]. Further, PLD growth allows fabrication of nanostructured TE films with different
morphologies of nanoparticle Bi,Te; film (PF = 1.9 uW cm™ K?) [34] and super-assembled
Bi,Te; film (PF = 1.0 uW c¢m™ K?) [33]. The Bi,Te; film deposited by the sputtering technique
had PF of 8.8 uW cm™ K [35]. There are some reports of TE properties for bulk materials of
bismuth chalcogenides, such as Bi,Se, sTe; , nanoplatelet (PF = 1.3 uyW cm™ K2 ) [38], Bi,Se,Te
(PF = 5.8 uW cm™ K?), Bi,Se,sTe; 5 (PF = 16.5 pW cm™ K2 ) [37], and Bi,Se,;Te,, (PF = 32.2
uW cm™ K2 ) [36]. Unfortunately, the thermal conductivity x of the films is missed in the
reports to fully evaluate the TE performance of the films. Nevertheless, the x of polycrystal-
line films with small grain sizes should be reduced thanks to the extensive phonon scatter-
ing at interfaces and grain boundaries.

Finally, Figure 8d shows the |S| vs. ¢ plot for the list in Table 1. The solid curves denote
different values of PFs (= S%). It can be found that TE nanomaterials usually possess low ¢
values due to the separating or voided structure morphology, but bulk and thin films have
superior 0. Note, the significant reduction in thermal conductivity x is the key factor for
employing nanostructured materials in the TE field.

4. Nanomechanical properties of Bi,Te; and Bi;Se,Te thin films

Effects of helium ambient pressure (in PLD) on the nanomechanical properties of Bi,Te; and
Bi,;Se,Te thin films have been investigated [9, 40]. The Bi,Te; thin films were grown at T of
250°C on c-plane sapphire substrates using excimer laser PLD with a power density of 5 J/
cm?, at a repetition rate of 2 Hz. The helium pressures in PLD growth varied from 2 x 107 to
6.5 x 107 Torr. Similarly, Bi;Se,Te thin films were deposited on AL,O; (0 0 0 1) substrates at a
fixed substrate temperature of 250°C and Py, ranging from 2 x 10 to 6.5 x 10™! Torr through
PLD. The light source of the PLD system was a KrF excimer laser with A = 248 nm, pulse
duration of 20 ns, fluence of 7.0 J/cm? and repetition rate of 2 Hz. The target-to-substrate
distance, the number of laser pulses and deposition time were 40 mm, 3000, and 25 min,
respectively. The grown films had the average thickness of 200 nm (the average growth rate
was ~0.67 A/pulse). Nanoindentation experiments were performed on a MTS Nano Indenter®
XP system with a three-sided pyramidal Berkovich indenter tip using the continuous stiffness
measurement (CSM) technique [41]. The hardness and Young’s modulus of the Bi,Te; and
Bi;Se, Te thin films were determined from the load-displacement results through the analytical
method proposed by Oliver and Pharr [42].

As shown in Figure 9a, the hardness monotonically increased from 2.92 + 0.12 to 4.02 + 0.14
GPa for Bi, Te; films, and from 2.5 +0.2 to 3.0 £ 0.1 GPa for Bi;Se, Te films when P;;, was increased
from 2.0 x 10°° to 2.0 x 107 Torr. Similarly, the Young’s modulus of Bi,Te; thin films was 106.31
+0.63, 115.51 + 1.92, and 127.46 + 9.21 GPa for Py, at 2.0 x 1075, 2.0 x 10, and 2.0 x 10~ Torr,
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respectively. For Py, >2.0 x 107 Torr, the hardness (Young’s modulus) of Bi;Se, Te films continues
to increase with increasing Py, namely 3.2 + 0.1 GPa (105.2 + 10.2 GPa) at 2.0 x 10" Torr and
5.8 +0.2 GPa (188.5 + 4.3 GPa) at 6.5 x 10°! Torr (Figure 9b).
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Figure 9. Material and nanomechanical properties of Bi,Te; and Bi;Se,Te thin films grown on ALO; (0 0 0 1) substrates
at Ts of 250°C and various helium pressures (Py,) between 2.0 x 10° and 6.5 x 107 Torr [9, 40]: (a and b) the hardness
and Young’s modulus, (c) grain size (D), (d) the Hall-Petch behavior observed on the Bi;Se,Te thin films, in which the
hardness is observed to increase approximately with D2 (D is grain size).

The crystallite sizes (D) of the films were estimated using the Scherrer equation D = 0.94/
BcosO, where A, B, and 0 are the X-ray wavelength, full width at the half maximum of the
Bi,Te; (0 0 15) peak or Bi;Se,Te (0 0 5) peak, and Bragg diffraction angle, respectively. The Py,-
dependent D of the Bi,Te; and Bi;Se,Te films is shown in Figure 9c. The grain size increases
monotonically from 11.0 to 20.0 nm for Bi,Te; and from 16.1 to 20.5 nm for Bi;Se,Te with
increasing Py, from 2.0 x 10 t0 2.0 x 107 Torr. In the nanoscale, grain size can affect significantly
the mechanical properties of materials. The dislocation activities can be drastically suppressed
in a polycrystalline material when the grain size is decreased, and thus the grain boundary
sliding and/or grain rotations become the dominant deformation behavior, which in turn
would lead to the manifestations of the inverse Hall-Petch effect [43]. Softening caused by grain
boundary sliding is mainly attributed to large amount of defects in grain boundaries, which
allow rapid diffusion of atoms and vacancies under stress [44]. Consequently, the plastic
deformation of Bi,Te; films should be dominated by the grain boundary sliding and/or grain
rotation rather than the dislocation activity because of D <20 nm [40], which is consistent with
the results in Refs. [45-48].
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In contrast, the 200-nm-thick Bi;Se,Te films with D of 16.1-25.1 nm grown at a larger Py,
range of 2.0 x 107 to 6.5 x 107 Torr exhibited the nanomechanical followed Hall-Petch rela-
tionship [44, 49]. The hardness and Young’s modulus of the Bi;Se,Te thin films monotonical-
ly increased with increasing Py. because of a corresponding decrease in grain sizes
(Figure 9a—c). Figure 9d shows that hardness (H) increased linearly with D2 (where D is
the grain size of the Bi;Se,Te films in the nanoscale regime) which is the typical Hall-Petch
relationship [44, 49]. This is because the multiplication and mobility of dislocations are hin-
dered by reducing the grain size [44]. It is reasonable for the observed phenomenon when
the present grain sizes ranged between 25.1 and 16.1 nm which is larger than the typical
critical D, of 10 nm [44, 49]. It is demonstrated that the hardness and Young’s modulus of
the Bi,Te; and Bi;Se,Te thin films can be enhanced by proper selection of the ambient pres-
sure in PLD growths.

5. Topological insulator bismuth chalcogenide thin films and their novel
properties

5.1. The epitaxial growths of bismuth chalcogenide thin films

Topological insulator (TT), a new class of quantum matter, possesses insulating in bulk and
robust gapless topological surface states (TSSs) in which the spin of the electron is locked
perpendicular to its momentum by strong spin-orbit interaction [6, 50, 51]. TIs have been
identified as promising materials for exploiting exciting physics and developing potential
applications in optoelectronics, spintronics, and quantum computations [50-54]. Dirac fer-
mions in TIs have also been studied by angle-resolved photoemission spectroscopy [55-57]
or scanning tunneling microscopy [58, 59]. In magnetotransport studies, TSS can be stud-
ied by weak antilocalization (WAL) [4, 9, 60, 61] and Shubnikov-de Haas oscillations [3,
62].

Topological insulator bismuth chalcogenide thin films have been grown epitaxially on vari-
ous substrates using PLD. Onose et al. reported the epitaxial growth of Bi,Se; thin films on
InP (1 1 1) substrates (the lattice mismatch of 0.2%) [7]. A designed Se-rich target with an
atomic ratio of Bi:Se = 2:8 was used to compensate for the issue of high doping carriers and
to avoid unwanted Se-deficient phases. The pulsed laser power and repetition were 140 m]
and 10-20 Hz, respectively. The Bi,Se; films obtained a small full-width at half-maximum
(FWHM) for the XRD rocking curve of (0 0 0 6) peak. The surfaces of the films are com-
posed of triangular pyramids with step-and-terrace structures, reflecting the hexagonal
symmetry of Bi,Se;. The epitaxial relationship is Bi,Se; (0 0 1) || InP (1 1 1) and Bi,Se;
[1120]| |InP[001]. Le et al. reported the epitaxial growth of Bi,Se; films on SrTiO; (STO) (1
1 1) substrates using PLD at T of 300 and 350°C [63]. The PLD conditions were the pulse
fluence of 3.7 J/cm?, helium pressure of 40 Pa (300 mTorr), and repetition rate of 2 Hz. The
laser source was KrF excimer laser (A = 248 nm, duration 20 ns). By comparing the Bi,Se; {0
1 5} and STO {2 0 0} diffraction peaks, the epitaxial relationship between the film and sub-
strate was determined to be Bi,Se; (00 1) || STO (11 1) and Bi,Se; [1 1 0] | | STO [1 1 0] [63].
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Figure 10 presents the PLD epitaxial growths of Bi, Tes, Bi,Se;, and Bi;Se,Te thin films on large-
misfit substrates [9, 53, 64]. The PLD conditions for growing Bi,Te; films on STO (1 0 0) were
as follows: substrate temperature of 300°C; helium ambient pressure of 40 Pa; repetition rate
of 2 Hz; pulsed fluence of approximately 3.4 J/cm? As shown in Figure 10a, a ¢-scan was
conducted on the (0 1 5) plane of a 200-nm-thick Bi,Te; film and the (1 1 1) plane of an STO (1
0 0) substrate in skew symmetric geometry by tilting the samples. The in-plane orientation of
a hexagonal h-Bi,Te,/STO (1 0 0) film displayed a 12-fold symmetry instead of the expected six-
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Figure 10. Bi,Te; films grown on SrTiO; (1 0 0) substrates [53]: (a) XRD ¢-scan patterns of the 200-nm-thick Bi,Te; (0 1 5)
plane and the SrTiO; (1 1 1) plane; (b) schematics of the in-plane arrangement of h-Bi,Te; / SrTiO; (1 0 0). Bi,Se; films

grown on c-plane sapphire substrates [64]; (c) in-plane ¢-scan {0 11 5} planes of the film and {0 11 2} planes of
the substrate; (d) the schematic depicting twin/domain growth: in one case, the basal plane of Bi,Se; is aligned with
that of Al,O, and in the other, there is a rotation of 60°/180°. Bi,Se,Te films grown on c-plane sapphire substrates [9]; (e)
¢-scan patterns of hexagonal /-Bi;Se,Te thin films grown on ALO; (0 0 0 1) substrates; and (f) schematics of the in-
plane arrangement of hexagonal /-Bi;Se,Te/h-Al,05 (00 0 1).
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fold symmetry of the (0 1 5) plane in Bi,Te;. Figure 10b shows a schematic drawing of the in-
plane atomic arrangement between an h-Bi,Te; film and an STO (1 0 0) substrate. Since the
principal crystallographic orientations of h-Bi,Te; films grown on STO (1 0 0) substrates can be
aligned along either the STO [1 0 0] or STO [0 1 0] directions, the in-plane arrangements result
in an observed 12-fold symmetry. The angle differences between STO [0 1 0] and the two
orientations of h-Bi,Te; [1 1 0] were 30° and 0°, respectively, as shown in Figure 10b. In other
words, the in-plane relationships were Bi,Te;[110] | | STO [0 1 0] and Bi,Te;[100] I | STO[1
0 0]. Lee et al. reported epitaxial growth via domain matching epitaxy of Bi,Se; thin films on
Al,O; (0 00 1) substrates with over 13% lattice misfit and a critical thickness of less than one
monolayer [64]. A relatively low repetition rate of 0.2 Hz and low Ts of 250°C are key param-
eters of the PLD growth to achieving high-quality Bi,Se; epitaxial films. Figure 10c shows ¢-
scan XRD results performed on {0 1 1 5} planes of the film and {0 1 1 2} planes of the
substrate. Clearly, the presence of six peaks corresponding to the Bi,Se; {0 1 1 5} planes
confirmed the epitaxy. A schematic depicting twin/domain growth and direction in the study
is illustrated in Figure 10d [64]. In one case, the Bi,Se; basal plane is aligned with that of
AL Q;, and in the other, there is a rotation of 60°/180°. The epitaxial relationships are written
as (000 1) BiSe; I (000 1) ALO; (out-of-plane) and [2 1 1 0] Bi,Se; || [2 1 1 0] ALO, or
[2110]BiSe; I [1120] ALO, (in-plane). Figure 10e shows the typical ¢-scan patterns of
hexagonal h-Bi;Se,Te/h-Al,O; (0 0 0 1) [9]. With the skew symmetric geometry, the ¢-scan
measurements were performed on the (1 1 6) plane of AL,O, substrates and the (1 1 12) plane
of Bi,;Se,Te films. As shown in Figure 10e, the in-plane orientations of both Al,O; (11 6) and
Bi;Se,Te (1 1 12) exhibited six-fold symmetries with a 30° difference. Figure 10f illustrates the
in-plane atomic arrangement between h-Bi;Se,Te and h-ALO; (0 0 0 1). The epitaxial relation-
ship between the films and substrates is (0 0 0 1) Bi;Se,Te | | (00 01) AL,O;and [1 1 0] Bi;Se,Te
I'l [2 10] ALO; [9]. This in-plane orientation was established to obtain the optimal lattice
matching.

5.2. Magnetotransport properties of bismuth chalcogenide thin films

The weak antilocalization (WAL) which is a negative quantum correction to classical MR
caused by the wave nature of electrons is used as a signature of TSS. In TIs, WAL is induced
by both the helicity of the surface state and the spin-orbit coupling of bulk [4, 61, 65, 66]. In a
low B field, the 2D WAL MR of a system with strong spin-orbit interaction can be described
using the Hikami-Larkin-Nagaoka model [65], which is [4, 60, 61]

ARy(B) & [o(1 B | (B ®)
[Ry)F " 27'n| (2 B B

where Ry is the sheet resistance, ARy, = Ryy(B) — Ryy(0), ¥(x) is the digamma function,

By = h/ (4eL<2¢>) is a magnetic field varying with the coherence length L o is a parameter and

reflects the number of conduction channels. In a 3D TI, a =-1/2 for a single coherent transport
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channel in the 2D surface states, and a = -1 for two independent coherent transport channels
with similar L, in the 2D surface states [60, 65].

The typical magnetoresistance (MR) results of some bismuth chalcogenides (i.e., Bi,Te;, Bi,Se;,
and Bi;Se,Te) thin films grown by PLD are presented in Figure 11 [9, 64, 67]. The Bi,Te,, Bi,Se;,
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Figure 11. Magnetoresistance (MR) results of the Bi,Te;, Bi,Se;, and Bi,;Se,Te thin films grown by PLD [9, 64, 67]. (a and
e) The MR (B = +1 T) of a 27-nm-thick Bi,Te; and a 200-nm-thick Bi;Se,Te films grown on ALO; (0 0 0 1) substrates. (b
and f) Variation in the extracted electron dephasing length L, and parameter —a of the films as a function of tempera-
tures. (c and d) MR of the epitaxial Bi,Se; films grown on ALO, (0 0 0 1) substrates at Ts = 250°C as a function of tem-
peratures [64]. The solid green lines in (a) and (e) in low B are the theoretical predictions of 2D weak antilocalization
(WAL) using Eq. (8).
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and Bi;Se,Te thin films were grown on Al,O; (0 0 0 1) substrates using PLD at T of 225, 250,
and 250°C, respectively [9, 64, 67]. The WAL effect which presents as a sharp increase in
resistance when B increases in the low magnetic field B regime is clearly observed on the films.
Figure 11a, b, e and f show MR curves at several temperatures (T) and the extracted a(T) and
L ¢(T) values using Eq. (8) for the 27-QL (~27 nm)-thick Bi,Te; and 200-nm-thick Bi;Se,Te thin

films [9, 67]. At2K, L,are158.1 and 195.2 nm, and L, decreases monotonically with increasing
T, obeying the power laws, as L, ~ T°* and L, ~ T-*” for the Bi,Te; and Bi;Se,Te films, respec-
tively (Figure 11b and f). Theoretically, the result of L, ~ T"* observed in the 27-QL-thick
Bi, Te, thin film indicates the predominant electron-electron scattering in 2D weakly disordered
systems. The L, ~ T-"7is closed to the L, ~ T""” for 3D systems, if e-e scattering is the dominant
dephasing source [9]. The electron screening effect in 3D system is more effective than that in
2D systems. However, the e-e scattering is strongly weakened with high carrier densities (n =
10% cm™ for the Bi;Se,Te films [9]). In 3D disordered conductors (namely, in the bulk state),
dephasing by electron-phonon (e-ph) scattering would be significant and dominant. The e-ph
scattering also causes a faster decay rate on L, that is, L, ~ T° [68]. Additionally, the combi-
nation of 2D e-e scattering in the TSS thin layer and e-ph scattering in the bulk would further
result in the L, ~ T*””. Consequently, e-ph scattering could be the force of channel separation
as temperatures increase. It is worthy of mentioning that the MR result is a signature (not
conclusive evidence) for the presence of TSS on Bi;Se,Te films. Further theoretical calculations
and experiments are needed for reaching a final conclusion.

Figure 11b and f also present the —a(T) results of the Bi,Te; and Bi,;Se,Te films. The —a values
of the Bi,Te; film increase with increasing T from 0.43 at 2 K to 0.45 at 10 K, indicating the
existence of a single coherent transport channel (i.e., likely a single surface state) [61]. Mean-
while, the —a values of the 200-nm-thick Bi;Se,Te film increase with increasing T from 0.5 at 2
K to 0.85 at 10 K and to 0.71 at 15 K, suggesting increased channel separation with T [69]. In
WAL, the independent phase-coherent channels occur when the carriers in one channel lose
phase coherence before being scattered into the other channel.

In Figure 11c, the MR (B, T) of a 50-nm-thick Bi,Se; film was measured with B perpendicular
to the film plane and ranging from -9 T to +9 T. At low B and T, the distinctive dips of WAL
are clearly observed. The WAL effect results from strong spin-orbit coupling, showing the
absence of backscattering giving rise to the destructive interference between the two time
reversal symmetry loops when there is no magnetic field [64]. Resistance increases sharply
with increasing B because the quantum interference is destroyed and backscattering increases
(Figure 11c). Figure 11d is the enlarged MR at low B (-2 T to +2 T), and it reveals the existence
of WAL as a function of T in a discernible way [64]. WAL gradually weakens as temperature
increases, eventually disappearing entirely at T=48 K; thus, the dependence on B is quadratic-
like at low field. The MR cusp feature at low B is broadened and finally disappears with
increasing temperature owing to the decrease in the phase coherence length. In addition to the
WAL effect, Figure 11c shows a 2D, non-saturating linear MR at high B, which usually occurs
with several TI materials of Bi,Se, [70], Bi,Te, [71], Bi,Te,Se [72], and Bi;Se,Te [9]. Theoretical
models propose that the linear MR can appear in the gapless linear-dispersive energy spectrum
when only the first landau level is filled [73, 74], or in the presence of both the gapless linear
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spectrum and Landau level overlaps [75]. Noticeably, the WAL and linear MR simultaneously
reflect the 3D contribution of spin-orbit coupling in bulk and the Dirac nature of the 2D surface
states. Because the magneto transport is a bulk sensitive measurement, it remains a major
challenge to directly probe the topological nature [64].

5.3. Proximity-induced superconductivities in Bi inclusions/bismuth chalcogenide thin
films

Recent studies have shown a two-dimensional interface state between TIs and superconduc-
tors resulting from the superconducting proximity effect that supports Majorana fermions [76,
77]. Majorana fermions, novel particles which are their own antiparticles, can potentially be
applied to topological quantum computing, which has motivated intense interest in TIs [53].
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Figure 12. (a) Temperature-dependent normalized ab resistivities (p/ps k) between 1.8 and 300 K of 46- and 200-nm-
thick Bi,Te, films. Upper inset: an EDS mapping image of a typical Bi-rich cluster. Lower inset: zoomed-in view of the
p/psw x in the low temperature range. (b) p(T) in 1.75-6.0 K of the 200 nm film at various H,,. from 0 to 1 T. Inset: the
onset T, of the two superconducting transitions as a function of magnetic field. (c) Auger electron spectroscopy (AES)
elemental depth profiling of a non-superconducting (46-nm-thick) and a superconducting (200-nm-thick) Bi,Te; films.
(d and e) The size distribution of Bi-rich clusters and Bi nanoclusters inside the clusters. (f) Schematics of the surface
characteristics and a suggested superconducting mechanism in the Bi,Te; films [53].
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Koren et al. observed the local superconductivity in Bi,Te,Se and Bi,Se; films below 2-3 K,
which was naturally induced by small amounts of superconducting Bi inclusions or precipi-
tations on the surface [78]. Moreover, Le et al. reported superconductivity at an onset critical
temperature of approximately 3.1 K in a topological insulator 200-nm-thick Bi,Te; thin film
grown by pulsed laser deposition [53]. Indeed, Figure 12a shows the normalized resistivity p/
P30 x Of a 46-nm-thick Bi,Te; film (S;) and a 200-nm-thick Bi,Te; film (S,) as functions of
temperatures (T) from 1.8 to 300 K. Both films show a decrease in resistivity (p) with decreasing
T in the range of 20-300 K, implying that the films exhibit weak metallic properties commonly
seen in narrow band-gap semiconductors with high carrier concentrations [53]. Below 20 K
(Figure 12a, the lower inset), the p/p;y « of S; shows a gentle upturn because of the weak
localization of electrons [7], whereas the p/psx of S, reaches a plateau before dropping slightly
at T,; = 5.8 K and then sharply at T,, = 3.1 K. Figure 12b further shows the H, -dependent
p(T) of S, in the low T regime, where H) . is the applied magnetic field along the c-axis of the

film. At H, .= 0, p drops abruptly by 8% below ch)gset but does not go down to zero, even at
T=1.8 K. This nonzero p at low T indicates that the superconducting volume ratio is not 100%.
The inset in Figure 12b shows that the ch)gset(Tg;zset) decreases from 3.1 (5.8) to 1.8 (5.4) K

with increasing H),, from 0 to 0.2 T, strongly indicating that both transitions are supercon-
ducting in nature.

The detailed investigations of S, strongly suggest the existence of superconducting Bi nano-
clusters on the surface that induce the T,; ~ 5.8 K. EDS lateral elemental mapping revealed that
the distributions of Te and Bi were not uniform, and many Bi-rich (47-54 at.%) clusters were
visible (green color), as shown in the upper inset in Figure 12a, differing substantially from
the uniform distribution and cluster-free surface observed in film S,. The size distribution and
the most probable size of Bi-rich clusters are in the range of 400-2400 nm and 560-772 nm,
respectively. Intriguingly, a closer inspection reveals that Bi-rich clusters are composed by some
Bi nanoclusters (or nanograins) with a size of 20-62 nm.

The Bi-rich environment on the film surface is confirmed by AES analysis (Figure 12c) [53].
This is because the vapor pressure of Te (at Ts=300°C) is approximately 10° times higher than
that of Bi, and therefore, more Te atoms are re-evaporated from the 300°C substrates [79]. The
loss of Te is more severe in film S, than in film S, (14.3% in S, and 4.5% in S; at depth Z =0,
Figure 12c) because of the six times longer deposition time of S, (60 min) compared to S, (10
min). In addition, the nonstoichiometric effect is strongly depth-dependent (Figure 12c). The
Te/Bi ratio gradually increases toward the stoichiometric ratio of 3/2 in 200-nm-thick films or
slightly exceeds it (Te-rich) in 46-nm-thick films when the depth (Z) of the films increases.
Under such a sufficiently high surface concentration of Bi atoms, the Bi clusters precipitate and
segregate readily on the S, surface to minimize overall free energy, as long as the substrate
temperature of 300°C is higher than the 271°C melting point of Bi, as demonstrated in
Figure 12f. Notably, the Bi clusters can only be observed in highly Bi-rich (14.3% at Z = 0) films
(S,) and not in low Bi-rich (4.5% at Z = 0) films (S,), suggesting a critical Bi-rich concentration
for Bi precipitation (separating a Bi phase) in a Bi,Te; film [53]. The T,; at ~5.8 K found in our
samples should be induced by the superconducting transition of the Bi nanoclusters, which is
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closely consistent with the T, of 6.3 K for the surface Bi islands observed in Bi,Te,Se films [78].
The tiny resistivity drop at T; = 5.8 K (by approximately 0.5%, Figure 12b) indicates that the
amount of superconducting Bi nanoclusters in S, is likely small and, therefore, the Josephson
coupling between these islands is extremely weak. Since the superconductivity of Bi nano-
clusters survived until H, .= 1.0 T (Figure 12b), the critical field of Bi nanoclusters is in between
0.3 and 1.0 T. This section demonstrates that natural defects generated during PLD growths,
namely superconducting Bi nanoclusters or Bi inclusions, can substantially induce non-
superconducting T1 thin films (i.e., Bi,Te,, Bi,Se;, and Bi,Te,Se) into superconducting states at
low temperatures.

6. Conclusion

This chapter provides the effects of ambient pressures and substrate temperatures in PLD
growths on the structural-morphology, thermoelectric, nanomechanical, and magnetoresist-
ance properties of bismuth chalcogenide thin films. The thermoelectric power factor of the
stoichiometric Bi, Te; films grown in the range of 220-340°C and P,, of 80 Pa reached remarkably
high values, ranging between 18.2 + 0.25 and 24.3 + 0.44 uW cm™ K. The optimal PF values
were 5.54 +0.34 uW cm™ K2 for the layered hexagonal platelet Bi,Se; films deposited at 300°C
and Py, of 40 Pa and 8.3 uW cm™ K2 for the nanocrystalline Bi;Se,Te films deposited at 250°C
and Py, of 40 Pa. We also reported the effects of Py, in PLD on nanomechanical properties (i.e.,
hardness and Young’s modulus) of Bi,Te; and Bi;Se,Te thin films. It was observed that the
hardness and Young’s modulus increased with increasing Py, depending on the grain sizes
following the inverse Hall-Petch effect for Bi,Te, films grown at Py, < 2.0 x 10 Torr and
following the Hall-Petch relationship for Bi;Se,Te grown at Py, of 2.0 x 107 to 6.5 x 10! Torr.
PLD has been successfully employed to grow epitaxially bismuth chalcogenide thin films on
large-misfit substrates, for example, Bi,Te;/SrTiO; (1 0 0), Bi,Se;/Al,O; (0 0 0 1), and Bi;Se,Te/
ALO; (0 00 1). The magnetotransport studies show that the bismuth chalcogenide thin films
such as Bi,Te;, Bi,Se;, and Bi,;Se,Te films present a two-dimensional weak antilocalization effect
in a low magnetic field (B) regime and linear magnetoresistance in a high B regime, which
could be attributed to the topological insulator surface states. Furthermore, proximity-induced
superconductivities in Bi,Te; thin films have an onset T, of approximately 3.1 K, evidently
induced by Bi inclusions (nanoclusters with onset T, at 5.8 K) segregated on the surface of
films.
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Abstract

Indium-tin oxide (ITO) films have been deposited by pulsed laser deposition (PLD) to
achieve low resistivity and high transmittance in visible region. Important parameters
governing the growth of ITO films, which include laser wavelength, substrate tempera-
ture, and the background gas pressure, are discussed. By utilizing the energetic plasma
in laser ablation of an ITO target, relatively low substrate temperature growth has been
demonstrated. Room temperature deposition enables ITO films to be deposited on the
polymer substrate. In addition, deposition in different background gases promotes the
catalyst-free growth of nanostructured ITO films. In particular, deposition in Ar or He at
optimized pressures enables the growth of highly crystalline ITO nanostructures, which
include nanorods and nanowires due to the self-catalyzed growth from the plasma
plume. The conditions which allow the pulsed laser deposition of ITO thin films and the
growth of nanostructured ITO are reviewed and discussed.

Keywords: pulsed laser deposition, ITO, nanostructures, nanowires, nanorods, TCO

1. Introduction

Sn-doped indium oxide or indium tin oxide (ITO) plays important roles in optoelectronics
applications by providing contact layer with high transparency in the visible. Currently, ITO
remains as the transparent conducting oxide (TCO) with the lowest resistivity on a commercial
scale (1-2 x 10 Q cm) [1]. In order to obtain both conductivity and transparency, the carrier
density should not be too high to maintain its transparency with sufficiently low resistivity/
sheet resistance. In addition, the carrier mobility can be maximized, which will then provide
active carriers for conduction. Figure 1 shows the band structure of the undoped In,O, and

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR
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Figure 1. Schematic illustration of the assumed parabolic band structure of (a) undoped and (b) heavily Sn-doped In,0O,
in the vicinity of the top of the valence band and the bottom of the conduction band with a band gap E_ . A vertical shift
in the conduction and valence bands is apparent after heavy Sn doping in (b) assumed to have the sole effect of widening
the band gap by a Burstein-Moss shift W due to filling up of the lowest states in the conduction band. Shaded areas
denote occupied states. Band gaps, Fermi wave number k, and dispersion relations are indicated [2].

heavily Sn-doped In,O, that was proposed by Hamberg et al. [2]. The band structure for In,0O,
has a parabolic band that is characterized by effective mass m " for the conduction band and
m, for the valence band. The direct band gap (E_) is around 3.75 eV. After optimized Sn
doping, the band gap (E,), the carrier density, and mobility are increased, giving rise to the
increase in carriers for conduction while maintaining the transparency. The change in carrier
density, defect states, and crystallinity thus affects the final quality of the films.

ITO films can be grown by various methods. Table 1 gives an overview of the requirements
and performance of the different deposition techniques assessed against various different fun-
damental criteria. The deposition conditions of ITO crucially affect the dopant density, crys-
tallinity, nanostructures formation, and defects in the films. Some of the common thin film
deposition techniques are thermal evaporation, sputtering, pulsed laser deposition (PLD),
chemical vapor deposition (CVD), and atomic layer deposition (ALD) which are becoming
popular in recent years. These techniques can be broadly compared in terms of the energy of
depositing specie, substrate temperature and possibly the annealing process after the film is
deposited, and some specific features of the techniques.

The energy of depositing species, or the kinetic energy, is determined by the method for
vapor creation. For TE, CVD, and ALD, the vapor is largely created via heating effect,
which involves thermalization among the vapor species. Generally, a thermalized vapor is
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Thermal Chemical vapor  Atomic layer Sputtering (S) Pulsed laser
evaporation (TE) deposition (CVD) deposition (ALD) deposition (PLD)
Depositing  Atoms/ions Precursors Precursors Atoms/ions Atoms/ion/clusters
species molecules molecules
Energy of Low (0.1-0.5eV) Low Low Normally low, 1-100 Low to very high
depositing eV (with biasing) 1-1000 eV
species
Substrate None Typically high Varies with Low to moderate Low to moderate
temperature precursor
Features High growth rate, Continuous Step growth-layer Nonreactive and Nonreactive and
simple growth by layer, scalable reactive deposition  reactive deposition,

DC or RF sputtering  suitable for
stoichiometric films,
large control range
for different dopants

Table 1. Different deposition techniques.

ideal for better control of the thin film morphology and microstructures; hence, a uniform
thin film or coating is always achieved. The TE method remains one of the popular choices
for metallic thin film deposition, such as the metal contact or electrodes. The disadvantage
of TE method is always the contaminations due to out-diffusion from the walls of deposi-
tion chamber as a result of high temperature required to vaporize the targets. To reduce
these contaminations, thin film deposition by TE always necessitates high vacuum condi-
tion, typically 10 Pa or better. On the other hand, CVD is operated at relatively lower
temperatures, owing to dissociation energy of the precursors, but requires high substrate
heating. As the precursors are constantly supplied from external sources, the film growth is
a continuous process, easily multi-element control, good stoichiometry, and epitaxial. The
precursors are usually volatile and/or toxic in gaseous state, and thus, the requirement for
safety and environmental contamination is important. To obtain high quality and purity
of the epitaxial thin films, the high vacuum requirement of CVD is usually more stringent
than that for TE.

For deposition of metal oxide-based thin films, however, TE is generally not used due to
refractory high temperature for vaporization from solid targets. However, the CVD methods
are usually applicable for metal oxide thin film deposition from the metal organic precursors
at relatively low temperature of about 200°C. In this respect, the ALD method has gained
high popularity for ultrathin oxide deposition for encapsulation of devices against mois-
ture and oxygen contaminations in recent years. With advent of nanoscale devices, which
demand higher degrees of accuracy and control in terms of conformity and film thickness
at Angstrom level, ALD has superseded the capability of CVD. In addition, ALD has estab-
lished to be a better method for film composition for a wide range of materials, which include
metals, semiconductor, and insulators of both crystalline and amorphous phase for differ-
ent electronic applications in industries and manufacturing. However, for car industry and
energy-efficiency buildings, smart windows with photocatalytic functions are proposed,
which require not just cost-effective but also high throughput of coating method. Thus, the
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atmospheric pressure CVD or APCVD method is applied for transition metal oxide thin film
deposition.

PLD [3] and sputtering are considered more “versatile” methods for normal thin film depo-
sition mainly because they employ direct vaporization to produce the required deposition
flux. In particular, PLD has attracted much interest mainly due to its ability to deposit of high
T_superconducting films with necessary stoichiometry. While PLD can be operated between
high vacuum and low pressure, the sputtering method is usually operated at low pressures
with a continuous gas flow. For both methods, the production of a wide range of kinetic energy
for the depositing specie ensures thin film depositions from different types of solid targets
including doped target such as ITO. The film stoichiometry or multicomponent control is often
obtained with the use of background gases for moderation of kinetic energy. While a suitable
energy range can facilitate the growth of more uniform and crystalline thin films, the presence
of background gas often prevents the film damage by energetic ion bombardment. For PLD,
the background gases at suitable pressures may also introduce gas-phase reactions which may
generate new species and/or formation of nanoclusters prior to the deposition on the substrate.

2. Pulsed laser deposition of ITO films

A typical experimental setup of PLD is shown in Figure 2 [4] where ablation can be obtained
by laser with different wavelengths or pulse duration, in either background gas or vacuum.
Deposition of ITO is normally performed in O, environment to preserve the stoichiometry,
similar to the deposition of superconducting oxide. In addition, the substrates can be heated

Mirror -
Nd:YAG Pulsed Laser [}~ Deposition

Vacuum Chamber Diagnostic
Substrate Port Port
Laser Beam
Y Laser Port
. sl
Motorized U Target
Mirror Holder
Focusing

Lens

Figure 2. PLD setup for ITO growth. Deposition is often carried out in O, background.
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for films growth, and targets with different compositions can be sintered and used. In 1993,
Zheng and Kwok [5] first reported the deposition of ITO by the pulsed laser ablation tech-
nique using an excimer laser at wavelength of 193 nm. The ITO target used was a 90 wt% In,O,
+10 wt% SnO, sintered ceramic. The best electrical resistivity of the ITO films grown on glass
substrate was 5.6 x 10 Q) cm and 1.4 x 10 Q) cm at substrate temperature of 20 and 310°C,
respectively. The optical transmittance was greater than 90% for the optimized film between
the wavelength ranges of 600 and 800 nm.

After the first successful deposition of ITO thin films on glass using the PLD technique was
reported by Zheng and Kwok [5, 6], highly conductive ITO was deposited on InP substrates
by PLD. The sample was then fabricated the ITO/p-InP device for the photovoltaic solar cell
applications [7]. Thereafter, numerous studies on the ITO film initial growth and electrical
conduction mechanism on different substrates using the same laser were reported [8-10].
When 248 nm KrF laser was used, ITO films with 85% optical transmittance in the visible and
sheet resistance less than 1 ()/sq were obtained at a substrate temperature of 200°C [11]. The
properties of the ITO films were similar to the work done by using a 193 nm ArF laser. The
properties of ITO films deposited at different conditions by using a KrF laser are summarized
in Table 2.

An obvious disadvantage with excimer lasers is that its operation requires the handling of
reactive gases. As an alternative, Nd:YAG solid-state laser has also been used for ITO deposi-
tion, especially after frequency doubled at 532 nm and frequency tripled at 355 nm. However,
when the wavelength and pulse length are varied, it affects the laser penetration depth and
the degree of absorption in laser-material interaction [3]. Table 3 summarizes the experimen-
tal conditions and ITO thin films properties deposited by using an Nd:YAG pulsed laser at
355 and 532 nm in our previous reports as compared to others.

As a comparison, the effects due to the difference in laser wavelengths between 193 and
248 nm on the properties of the deposited ITO films are fairly small. A larger difference is
observed for 193/248 nm deposition of ITO as compared to 355 nm deposition at room tem-
perature. The resistivity that can be obtained by 193/248 nm laser is in the range of 10 (2 cm,
while optimization in terms of ITO doping concentration [24] or substrate temperature [4, 26,
29] is needed in order to achieve the resistivity in the same range for 355 nm laser deposition.

Besides the need for sufficient Sn dopant in the ITO film, the deposition parameters: substrate
temperature and background pressure are crucial to achieve the desired films properties. In
the early reports, the resistivity of the films grown at lower substrate temperature was affected
greatly by the background pressure as compared to those grown at higher temperature [5, 6].
The main reason for such an observation was ascribed to the film growth mechanisms in PLD.
Upon ablation, the ablated plasma plume, consisting of Sn, In, and O species, undergoes colli-
sions with the background gas that resultant in the final velocity distribution for each species.
At higher substrate temperature, the low kinetic energy species will still be able to rearrange to
form uniform films because of thermally induced migration from the heated substrate. Thus,
deposition of high-quality films is possible covering a wider pressure range. However, at low
substrate temperature, uniform films can only be obtained at an optimal velocity distribu-
tion which is affected greatly by the degree of collisions with the background gas. Thus, film
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growth is rather sensitive to the background gas pressure. Similar trend has been observed in
the deposition using excimer lasers [7, 13, 15] and the depositions using 355 nm laser [22, 30].
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Figure 3. Effects of substrate temperature on film resistivity, carrier density, and Hall mobility deposited by (a) 248 nm
laser at 10 mTorr [12] and (b) 355 nm laser at 30 mTorr [26].



Pulsed Laser Deposition of ITO: From Films to Nanostructures
http://dx.doi.org/10.5772/65897

—
[o2]

rrrrryrrryprrrrrrre|rrrorrrreorr O T

iy
wn
]

u
[26-28]

—
=9

S A —
D == M L
PO I [ [ |

o [23]
[26-28]

w
1

=] OO
| I

*[71  a[18]
* [5]

m
1

2 (10* acm)
T

[16]
<[12,13]

6] 7

* [24]

F-.
1

Ll
]

i

(o8]
]

-
|

=

IIrl'lIITIIrl1I|1IITIIrI1IITII|IIFI'|IITIIFI1

150 200 250 300 350 400 450 500 550  60C

Laser wavelength (nm)

Figure 4. Resistivity of ITO films deposited in O, at RT as a function of laser wavelength.

In addition to the formation of a uniform film, substrate temperature affects the carrier density
of the films and thus the resistivity of the ITO films. Figure 3 shows the resistivity and the Hall
effects measurement results of ITO films deposited by 248 nm [12] and a 355 nm laser [26].
As the substrate temperature was changed from room temperature (RT) to 300°C, the carrier
density was doubled for the ITO films deposited by using 248 nm laser, while it was increased
by 14 times for ITO deposited by using the 355 nm laser. At the same time, the Hall mobility
was also increased by 2 times for ITO deposited by 248 nm laser, but the value was decreased
by ~3 times for ITO deposited by 355 nm laser. Thus, effectively, the resistivity of ITO films in
both cases was reduced at higher substrate temperature to ~2 x 10 Q cm at 300°C. The results
indicate that 248 nm laser was superior to 355 nm laser in the pristine deposition condition
where the substrate was not heated, possibly due to the higher photon energy of 248 nm laser
and its more congruent ablation with a smaller penetration depth [3]. Thus, ITO film proper-
ties that were inferior to those obtained by the shorter laser wavelengths were also obtained in
532 nm deposition [25, 28]. The resistivity of ITO films deposited at different laser wavelengths
at RT is shown in Figure 4. However, substrate heating successfully improved the thin film
property, and lower resistivity can be achieved for the case of 355 nm laser. The crystallinity
of ITO films is also affected by substrate heating during the deposition process. The ITO films
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Figure 5. Effects of substrate temperature on the crystallinity of the ITO films deposited by (a) 248 nm laser [12] and (b)
355 nm laser [26].
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are amorphous when deposited at RT by both 248 and 355 nm lasers. Crystalline films are
obtained when deposited at above 100°C as shown in the XRD spectra in Figure 5.

ITO films deposited by laser ablation of ITO target have been applied in various applications
such as solar cell [7, 31, 32], organic light-emitting devices [4, 12, 26], and more recently as
low loss alternative plasmonic materials in the near-infrared region [33]. Our results show
that ITO films with a range of properties can be obtained, controlled by the deposition param-
eters. PLD is capable of growing low resistivity, high transmittance ITO films at relatively low
temperature or even room temperature that are beneficial for device application onto delicate
polymer substrates or active materials.

3. Pulsed laser deposition of ITO nanostructures.

The growth of ITO nanostructures (nanowires, nanorods, nanowhiskers, and nanocrystals)
is desirable because of the distinct nanoscale effects in addition to the advantages in large
contact areas offered by nanomaterials. The nanoeffects of ITO nanostructures have been
demonstrated in various aspects based on the UV light-emitting properties [34], terahertz
and far-infrared transmitting characteristics [35], and field emission properties [36]. PLD, as
a flexible and versatile tool for materials deposition, was first shown to be capable for the
growth of nanowires by using excimer laser ablation in 2006 [37]. ITO nanowires were grown
on catalyst-free oxidized silicon substrates at 500°C in nitrogen atmosphere. The growth of
nanostructures was not observed by others although the growth involving non-oxygen gases
such as N, [19], rare gas Ne, Ar, and Xe [22] (Tables 2 and 3) has been reported. In this report,
ITO films with lower resistivity and higher transmittance were obtained when deposited in
O,. However, in the report by Savu and Joanni [37], when higher substrate temperate and
Si substrate were used, nanostructural growth of ITO was observed in N,. The morphology
of the nanostructures was found to be highly dependent on the N, gas pressure as shown in

Figure 6. Surface images of nanostructured films deposited at 0.1 mbar (a, b), 0.5 mbar (c, d), 1 mbar (e, f), and 2 mbar
(g h) [37].
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Figure 6. The growth mechanisms were proposed to be related to vapor-liquid-solid growth
as a large amount of liquid was formed, especially at low pressure, thus promoting the
growth of thin, branched nanowires. As the deposition pressure increases, the amount of lig-
uid phase decreases, resulting in formation of nanowires having fewer branches. At a pres-
sure of 1 mbar, the wires were almost perpendicular to the substrate and free of branches.
At 2 mbar, columnar dense film is formed with large pyramidal and triangular structures.

Based on a standard PLD setup as shown in Figure 2, we studied the effects of different back-
ground gases Ar, He, N,, and O, in details [38-40]. Glass substrates were used, and the growth
was performed at a lower substrate temperature of 250°C. ITO nanostructures were formed,
and the morphology of the nanostructures formed in different gases is shown in Figure 7 [40].
The ITO film was uniform in size when deposited in O,, while ITO deposited in Ar consisted
of ultrafine nano-grains with a size of <50 nm. For ITO deposited in N,, the nanostructure con-
sisted of porous network of nanorods of about 30 nm in diameter and 300 nm in length. Larger
structures were obtained when deposited in He. ITO nanostructures formed in Ar, He, and O,
were highly crystalline and possess higher transmittance than those obtained in N,. The resistiv-
ity for ITO nanostructures deposited in N, was also higher than those deposited in Ar, He, and
O,. The results show that nanostructures can be obtained under specific conditions, which is not
limited to higher temperature range and Si substrates in the first report by Savu and Joanni [37].

Mag=10000KX |

Figure 7. Effects of the background gas on the ITO microstructures. (a) O,, (b) Ar, (c) N,, and (d) He [40].
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Further studies were performed for the growth in He and Ar at different background pressures
based on the same setup [39]. The pressure range was chosen by considering the molecular
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Figure 8. XRD and SEM of ITO samples grown in Ar ambient at (a) 20 mTorr, (b) 30 mTorr, and (c) 40 mTorr and grown

in He at (d) 250 mTorr, (e) 1 Torr, and (f) 2 Torr [39].

97



98 Applications of Laser Ablation - Thin Film Deposition, Nanomaterial Synthesis and Surface Modification

ITO samples Resistivity Carrier density Hall mobility
(x107Q c¢m) (x10% cm™) (cm?Vs)
Commercial ITO 1.97 18.7 16.6
Ar (30 mTorr, 250°C) 1.61 10.5 36.7
Ar (40 mTorr, 250°C) 2.09 6.65 44.9
He (250 mTorr, 250°C) 9.37 13.2 5.06
He (1000 mTorr, 250°C) 191 6.91 4.75
He (2000 mTorr, 250°C) 7.75 9.50 8.78

Table 4. Resistivity, carrier density, and Hall mobility of commercial ITO and ITO samples grown in Ar and He ambient.

weight of the gas that will affect the collision with ablated species. The growth was performed
by PLD using a 355 nm laser at a substrate temperature of 250°C. The results show that nano-
structures growth was dependent critically on the background pressure (Figure 8), similar
to those reported in N, [37]. ITO nanowires were obtained in both gases. For ITO deposited
in Ar, XRD diffraction patterns corresponding to (222), (400), (440), and (622) orientations of
cubic bixbyite structure of ITO were detected. As the pressure of Ar increased, the (400) dif-
fraction peak became relatively stronger, indicating the increase in crystalline orientation.
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Figure 9. Optical transmittance of commercial ITO and ITO samples grown in Ar and He background gases [39].
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At 30 mTorr, ITO nanowires were formed, and some spherical particles were observed on
their tips, which suggest that they are formed by the vapor-liquid-solid (VLS) mechanism.
At higher pressure of 40 mTorr, nanowires with smaller diameters were observed. No spheri-
cal particles were observed, and the tips were sharp, unlike those obtained at lower pressure.
When deposited in He, nanowires were obtained at 250 mTorr, and spherical tips were formed
on the tips. As the pressure increased, larger pyramid shape crystals were obtained, and the
crystals orientation are aligned to (400). Both nanostructures grown in Ar and He exhibited
good resistivity in the range of 10 QO cm, and nanowires grown in Ar exhibited even higher
carrier mobility than those measured from a commercial ITO sample. The values are shown
in Table 4. Figure 9 shows the optical transmittance of ITO nanostructures grown in Ar and
He as compared to a commercial ITO sample. In addition, ITO nanowires grown by PLD are
tested as TCO layer for a standard OLED device. ITO nanowires with larger contact areas and
higher charge injection have led to higher emission current density for the devices [39].

4. Conclusion

Laser ablation of ITO target was studied in various aspects. Pulsed laser ablations by 193, 248, or 355
nm lasers in low vacuum conditions afforded the deposition of high-quality ITO films at relatively
low temperatures. This was largely ascribed to the production of homogenous, energetic, and atom-
ized plasma plume. The effects of substrate temperature, background gas pressure, in particular the
O, on the electrical and optical properties of ITO films have been presented and discussed. In addi-
tion to the normal consensus that ITO depositions are to be performed in O, to preserve the stoi-
chiometry of the final films, pulsed laser ablation of ITO target, when performed in various gases
such as Ar, He, or N,, could promote the growth of ITO nanostructures. At optimized pressure, the
gas-phase condensation successfully induced nucleation and growth of the nanostructures such as
nanorods and nanowires on glass substrate at relatively low substrate temperature.
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Abstract

Biomaterials, defined by high biocompatibility and biodegradability, are intensively
used in medical applications, mainly to replace partial or total, damaged or destroyed
hard or soft tissues. Most of them are used not only as coatings for implant coverage
but also as parts for some medical devices. In the last decades, researchers sought to
find the optimum processing methods and parameters to modify or deposit the
biomaterial of interest. Animportant family of techniques, used to process a biomaterial,
is represented by laser techniques, based upon laser ablation phenomenon. Laser
ablation of biomaterials ensures the transference or modification with good precision
and without or with minimal disruptions generated. To obtain thin coatings from
biomaterials, one can use deposition techniques: pulsed laser deposition (PLD) or
matrix-assisted pulsed laser evaporation (MAPLE). These techniques are chosen
according to the selected biomaterial and desired performances of the obtained coating.
Therefore, some sensitive biomaterials can be transferred only by MAPLE. Some results
in the field of calcium phosphates deposited by PLD or MAPLE are presented, proving
the usefulness of these biomaterials for medical applications.

Keywords: laser ablation, pulsed laser methods, spallation, biomaterials and medical
applications

1. Introduction

In the last few years, the research on microfabricated devices or implants for biomedical
applications has quickly advanced [1, 2]. The aim of biological implants is to reinforce or
replace the damaged or diseased tissue [3]. The presence of a biomaterial in the body after
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implantation procedure always causes a biological reaction [4]. This is a host response to the
new living conditions and suggests that the body is trying to adapt at the given situation [5].

Every year, for a large number of patients, biomaterials save lives, relieve suffering, and
improve the quality of life [6]. To achieve the needs of the biomedical society, materials
comprise everything from metals and ceramics to glasses and polymers have been investigat-
ed [7].

Biomaterial performances can be improved by selectively modifying the surface properties.
One simple solution could be the deposition of thin films useful for changing the chemical and
physical properties of biomaterials and important in achieving the optimal surface [8]. There
are many studies which demonstrated that the cell response is dependent on surface topog-
raphy [4].

Laser processing of natural or synthetic biomaterials has been rapidly developed to produce
biomimetic artificial organs, tissue engineering scaffolds, and other biomedical constructs [9].
The laser processing techniques are commonly grouped into three categories: polymerization
(use of laser to induce cross-linking between biomaterial polymer chains), ablation (use of laser
to selectively remove part of the biomaterial by thermal or chemical effects), and activation
(use of laser to activate certain parts on the polymer chains for specific application) [9]. Relative
to other methods, laser processing of biomaterials presents some advantages: reduced surface
contamination and mechanical damage and the capability to produce three-dimensional
components with complicated geometries by controlling the surface structuring [4].

The physics behind the interaction of laser pulse with the solid surfaces can help us to better
understand the laser ablation mechanism [10].

This chapter will provide a brief overview in the field of laser ablation of biomaterials, starting
with the explanation of ablation mechanism and then presenting some of its applications.

2. Biomaterials

Biomaterials science is a multidisciplinary domain, which involves various features of mate-
rials science, clinical science, chemistry, physics, biology, and medicine [11, 12]. It is also an
exciting and quickly growing field. It is to be mentioned that a biomaterial is different from
a biological material, the last being produced by a biological system [13]. A biomaterial is a
natural or synthetic material used in a medical device, projected to interact with biological
systems for direct medical treatment [6, 7, 14]. Their usage within a physiologic medium
needs some specific characteristics such as biocompatibility (to perform the function with an
appropriate host response), efficiency, and reliability [7, 14]. These representative features
have provided with an appropriate combination of chemical, mechanical, physical, and bio-
logical properties [14]. Biomaterials used in medical applications are rarely used as simple
material, being mostly integrated into devices [1].

The biocompatibility of a biomaterial implies its acceptance by the surrounding tissues and
the whole body. Consequently, implanted biomaterials should not irritate the injured area,
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provoke an abnormal inflammatory response, stimulate allergic or immunologic reactions, and
cause other diseases [15]. Besides these characteristics, the selection of biomaterials for the
manufacturing of an implant device and/or as thin films for the functionality improvement of
implant should also depend on appropriate mechanical properties (strength, stiffness, and
fatigue), proper optical properties, proper density, sterility, and long-standing storage [15].

The most commonly used metallic implants are based on titanium and its alloys due to their
excellent mechanical properties and corrosion stability [16]. Unfortunately, studies in the field
showed that bare titanium or other metallic implants can determine ion release into body [17].
To prevent, control or diminish the ion release, such implants are covered with thin films.

Nowadays, there are a lot of experimental studies focused on the growing of thin, uniform,
and adherent films from polymers, organic materials, and biomaterials [18].

2.1. Hydroxyapatite

Hydroxyapatite (HA) named by Berndt et al. as “hydrated calcium phosphate mineral” is the
main inorganic component of the hard tissues (bone and teeth) and is the most extensively
studied materials for bone healing [1, 19, 20]. HA belongs to the “apatite” group of compounds,
having the chemical formula Ca,(PO,)s(OH), and a Ca/P ratio of 1.67 [19, 21]. It can be termed
as hydroxylapatite, calcium hydroxyapatite, or apatite and has a calculated density of 3.22
g/cm?® [19]. The vacancies or substitutions, which could occur within the structural lattice, have
therefore the non-stoichiometry (deficiency of Ca* and OH™ ions) of biological apatite.
Research in the field demonstrated the poor crystallinity of the biological apatite [22]. On the
contrary, synthetic HA is considered to be a stoichiometric material [19]. It is to be mentioned
that the presence of some crystallographic sites in the structure of HA allows the atomic
exchanges of specific elements with different ionic charges (Na*, Mg*, HPO,, K*, CO;*, F-, Cl
-, or trace elements such as Sr*, Ba*, and Pb*) [19, 22].

The maximum sintering temperature of HA, up to which its structure remains unperturbed,
is 1300°C. If one exceeds this threshold, the HA decomposition cannot be avoided [23].

Due to the similarity with the human bone, hydroxyapatite was largely used in medical
applications. The influence of some HA parameters with respect to the structural, mechanical,
and biological properties has been investigated [19].

One important feature of HA, used as thin film for medical implants, was the stability in the
physiological media, presenting a dissolution rate of 0.1 mg/year [19, 24].

Hydroxyapatite can be considered a “smart” ceramic due to its functionalities such as fixation
improvement and stabilization of implant [19].

2.2. Octacalcium phosphate

Octacalcium phosphate (OCP), with the chemical formula Cay(HPO,),(PO,),;:5H,O and a
structure similar to calcium OH-apatite, is more soluble, being present in the first stage of tissue
growth [25, 26]. OCP has a Ca/P ratio of about 1.33 and can induce the ectopic development
of a new bone tissue [26, 27]. A disadvantage of OCP is represented by the thermal instability
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of this material. The decomposition takes place at temperatures lower than those needed for
ceramic sintering. It was observed that:

—at ~90°C, OCP lose water;
—at 180°C, the OCP structure undergoes changes by interlayer bond breaking;
—at 300°C, the pyrophosphate appears from OCP [28].

The immersion of OCP in physiological fluids induces the conversion into bone-like apatite
spontaneously and irreversibly [29].

Related studies revealed the potential use of synthetic OCP as bone substitute material in
different forms, such as coatings and granules. Furthermore, the stoichiometry of synthetic
OCP controls the osteoconductivity and biodegradability of this material and recommends it
to use in bone regeneration [30].

Boanini et al. evaluate the possibility to deposit thin films of magnesium substituted OCP
(Mg:OCP) and strontium substituted OCP (Sr:OCP) on Ti substrates [31].

2.3. Carbonated hydroxyapatite doped with manganese

Manganese is essential for a normal growth and function of bones and muscles [32]. Further-
more, Mn? ions increase the capacity of integrins (transmembrane receptors that mediate
cellular interactions) to bind and facilitate cell adhesion [33]. The doping of hydroxyapatites
with Mn?* ensures a better connection of bone-implant and makes easier the regeneration of
bone tissue. It was demonstrated that Mn-doped HA has a higher thermal stability than pure
HA [32]. The results obtained by Gyorgy et al. demonstrated that carbonated HA doped with
manganese (Mn-CHA) films should determine a faster osteointegration of the implanted
device [34].

To modify the biomaterial surface properties, several methods were applied [3]. One can
mention chemical treatments, ion beam implantation, liquid immersion, thermal and plasma
spray, electrophoretic processes or laser processing methods based on laser ablation [3].

3. Laser ablation

Laser, a versatile source of energy, is for sure an attractive tool with prospective applications
in communication and military technology, industry, scientific research, and medicine [35,
36]. The continuous development of lasers and the impossibility of other techniques to deposit
or modify some materials leaded to use lasers for material processing [3, 36]. The interaction
between laser beam and material is a complex action, which needs the understanding of
capabilities and limitations of this process. It involves the incidence of electromagnetic
radiation on the material surface, followed by reflection, refraction, absorption, scattering, and/
or transmission phenomena (Figure 1) [37]. Absorption of radiation in materials is an impor-
tant and desired phenomenon and is governed by the excitation of free or bound electrons,
inside the bulk material [35, 37].
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Incident beam

Figure 1. Possible phenomena generated by the interaction of laser beam with material.

Being the base of laser material processing, laser ablation consists in the removal of material
from a substrate/target by absorption of laser energy [18, 38]. The ablation process always
depends on the laser parameters like wavelength, energy, fluence, pulse duration, and the
material properties, such as chemical structure, melting temperature, thermal diffusion rate,
optical reflectivity, and the ambient medium [39, 40]. Laser ablation has significant applications
in surface modification and deposition of thin films. Ablation is commonly determined by a
phase transition from the liquid state to the vapor state. In function of the physical processes
that take place, a classification of laser ablation in the following;:

— thermal ablation: the predominant phenomenon is heat induced by laser and vaporization;
- photophysical ablation: the ablation rate is directly influenced by non-thermic excitation;

— photochemical ablation: the chemical bonds are interrupted by direct dissociation or by
indirect transfer of energy via defects and impurities [41].

Laser ablation, also known as ablative photodecomposition, is of key importance in the field
of material processing [38, 42]. Depending on the surface (from flat to rough), the ablation
condition would gradually change [43]. The ablation process is also influenced by the laser
beam parameters, thermo-optical properties, and ambient conditions [43]. The selection of
proper parameters helps us to achieve the desired material modification [3]. In laser ablation,
the stoichiometric transfer and controlled delivery of target composition to the substrate are
possible, this process being a non-equilibrium process [44].

Laser ablation of biomaterials is physically defined by four main parameters: d(F) (ablation
rate per pulse), a; (effective absorption coefficient), F (irradiation fluence), and F, (ablation
threshold fluence), being frequently described by the equation [45, 46]:
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d(F) =i1n[§]. 1)

The ablation threshold fluence initiates the plasma ignition and is described as the minimal
energy of the laser pulse per surface unit [41].

Depending on the selected biomaterial and of laser processing parameters (wavelength,
energy, and target-substrate distance), material removal during laser ablation is accompanied
by a variety of mechanisms [3]. At high-laser intensities, a significant volume of the bulk
material is directly excited producing plasma [3]. This can be considered as the fourth state of
matter and consists of extremely excited atomic, molecular, ionic, and radical species [8]. The
propagation and expansion processes of plasma are dominated by mechanical interactions
[43].

It is to be mentioned that a complex cascade of strongly related processes happens in the
vicinity of the target surface during and after laser-material interaction [47]. Laser ablation of
biomaterials is also based on the strong absorption of laser photons by the investigated
material. To achieve a maximum absorption, the wavelength has to be carefully chosen [48].

In the nanosecond regime, laser ablation is induced by rapid heating of the surface layer [49].
In our case, all experimental results were obtained on coatings deposited using a KrF* excimer
laser (A =248 nm and pulse duration 7 =25 ns).

3.1. Pulsed laser deposition

The common method used for thin film synthesis and associated to laser ablation is pulsed
laser deposition (PLD). In this process, the ablated material from target to substrate is pushed
by the PLD plasma, which acts as a piston (Figure 2). Furthermore, the absorbed photons by
irradiating a solid target with a laser beam of high intensity can generate the fusion and local
vaporization of target. In PLD, ablation can be defined as the rapid boiling of material in a
localized interaction volume on and in the vicinity of target surface (Figure 3) [50].

Figure 2. HA plasma expansion.
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Figure 3. Schematically representation of laser ablation process. (a) The initial absorption of laser radiation (long ar-
rows), the beginning of melting and vaporization. (b) The melted material propagates into solid, vaporization contin-
ues, and the interaction laser-plume becomes visible. (c) Absorption of incident laser radiation and plasma formation.
(d) The melted material is ejected and re-solidification takes place [50].

The product of this interaction, known as laser ablation phenomenon, produces plasma of
complex composition: photons, electrons, ions, atoms, molecules, clusters, and even liquid or
solid particles [51]. The ejected material from the target is in a thermodynamic equilibrium
and can be associated to thermic and non-thermic mechanisms. A substrate parallel with the
irradiated target was used to collect the vaporized material. The deposition of a thin layer on
the substrate is the result of repeated laser pulses [52]. The target ablation and deposition rate
are dependent on the material or combination of materials present in the target. The ablation
threshold is dependent of absorption coefficient and wavelength [53]. As compared to films
deposited by other methods, PLD films also exhibit superior performances.

An important feature of PLD is the stoichiometry preservation of the target in the deposited
thin films by choosing proper ablation and deposition parameters [54, 55]. Furthermore, in
PLD, the deposited material exhibits an excellent adherence to substrate, with a controlled
growth rate and without contaminations. This technique also offers the possibility to deposit
multi-layers and doped films with great versatility [54]. The variation in the experimental
parameters offers the possibility to deposit crystalline structures from various complex
materials deposited at room temperature [55].

Nevertheless, PLD presents some limitations as low deposition rate, use of compounds that
are not sensitive to thermal decomposition and degradation, and restricted deposition area
[52].

3.2. Matrix-assisted pulsed laser evaporation

A specific tool appropriate for ablation of organic and inorganic materials is matrix-assisted
pulsed laser evaporation (MAPLE; Figure 4). The material ejection and film formation in
MAPLE process are also generated by photophysical interaction between laser and target
material [56]. MAPLE technique proved to be an appropriate method to obtain high quality
thin films by gentle laser transfer onto any substrate of interest [57]. MAPLE emerged as an
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alternative to PLD in order to preserve the chemical bonding or conformation of delicate
materials. On the other words, MAPLE, a less damaging technique, is used to transfer, from
the condensed phase to the vapor phase, organic and polymeric compounds, including small
and large molecular weight species [58].

Fovusing lena bor homogesieen —
i ] Lo b KrF" LASER I

Tasget holdar

Vacuum chambrer
Pusnpingsystem
Figure 4. Typical MAPLE experimental set-up.

MAPLE, a non-contact technique, preserves the PLD advantages, allowing a better control of
film thickness and morphology and enhancing the adherence of film to substrate [59].

To avoid significant material decomposition, one can optimize the MAPLE deposition condi-
tions: laser wavelength, fluence, solvent type, concentration, target-collector separation dis-
tance, temperature, repetition rate, background gas, and pressure. The selected solvent should
absorbmostofthelaserenergy and shouldnotreact with the studied material [60].

In case of MAPLE, a cryogenic complex target of a dilute/suspension mixture of a material to
be deposited and an appropriate solvent is irradiated using a laser beam of low energy. The
target is maintained frozen during the laser irradiation and deposition process using liquid
nitrogen [59]. This technique is governed by two photothermal processes, which takes place
in the matrix, the evaporation of frozen complex target and material release into the chamber.
The conversion of photon energy (absorbed by solvent) in thermal energy generates material
heating and solvent vaporization [61].

MAPLE offers the possibility to produce uniform, ultrastable, and nanostructured coatings
[59].

3.3. Laser spallation

In an extension of laser ablation, laser spallation is a progressive process in which the laser
pulse is applied on the rear surface [62]. As known, spallation is defined as a damage occurred
at the interface between inner film and substrate. Some examples are interface delamination,
film spallation, and film expulsion. As illustrated in Figure 5, spallation can be described as a
dynamic tensile fracture [63].
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Figure 5. Laser-induced film spallation process: schematic diagram [63].

In 1992, Gupta et al. [64] used laser spallation to measure the strength of planar interfaces. To
achieve this, a laser pulse of a high enough energy and a pre-determined duration was
converted into a pressure pulse of a critical amplitude and width that was sent through the
substrate toward the free surface with the coating [64].

Extreme superheating/deformation conditions generated by laser processing are related to
mechanisms such melting and/or photomechanical damage/spallation [65]. By increasing the
fluence over the spallation threshold, the composition of the ejected plume rapidly changes.
The modifications consist in conversion from liquid deposits and large droplets to a blend of
individual atoms, small droplets, and atomic clusters [66].

Nevertheless, it was found that certain laser processing conditions can generate undesired and
very detrimental rear surface spallation effect at the textured front surface, even if there are
used laser conditions well below the spallation threshold for planar surfaces [67].

4. Study of thin film growth mechanisms by laser ablation

One should take into account that coatings are obtained by successive ejected material from
the target by each laser pulse. We will start the discussion by presenting some representative
results from our studies related to the processing of hydroxyapatite by laser ablation.

In Figure 6, the surface of a HA target before and after laser irradiation is presented. The
morphology is characteristic to a material melted and then resolidified. The details presented
in Figure 6¢, at a higher magnification, are specific to HA solidification, in fractal form. All
circular bumps indicated the presence of the bubbling phenomenon. Moreover, the cracks
appeared on target surface are due to expansion-contraction cycles as a result of repeated
heating/cooling processes.
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WD 152mm

Figure 6. SEM micrographs of HA target before (a) and after (b and c) laser irradiation.

Typical HA structures deposited by laser ablation at different laser fluences and studied by
Scanning Electron Microscopy (SEM) are presented in Figure 7. It is obvious that the aspect of
deposited coatings varies from acicular at low fluence to cauliflower aspect at high fluence,
respectively.

In case of samples HA1 and HAZ2, the coatings seem to be the product of material condensation
originated from plasma. The droplets, even if they are present, are of small dimensions.

These coatings were also investigated By Energy Dispersive X-ray Spectroscopy (EDS) and X-
ray Photoelectron Spectroscopy (XPS). EDS gives us information about the composition, on
the entire thickness of the layer, while XPS provided information exclusively from surface.

Only three of the samples (HA1, HA3, and HA5) have been biologically investigated in vitro
by cell growth. The cells used for these analyses were osteoprogenitor human cells (HOp) from
bone marrow. HOp were cultured in ISCOVE (Sigma I 3390) medium, supplemented with 10%



Laser Ablation of Biomaterials 113
http://dx.doi.org/10.5772/65197

(v/v) fetal bovine serum, 1% (v/v) glutamine, and 1% (v/v) penicillin and streptomycin. After
5 days, the samples were prepared for SEM investigation (Figure 8).

PO

Figure 7. SEM micrographs for HA coatings deposited at (a) 1.2 J/em? (HA1), (b) 1.8 J/em? (HA2), (c) 2.7 J/em? (HA3),
(d) 5J/cm? (HA4), and (e) 7.5 J/cm? (HAS).

From Figure 8a, one can observe that HA1 sample was destroyed, the coating being completed
and dissolved in the culture medium. We could not identify cells on the sample surface.
Figure 8b demonstrated a partial dissolution of HA3 coating. No cell was present on the sample
surface. In case of HAS, one can observe an important coverage rate of the coatings deposited
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at 7.5 J/cm? in the presence of cells. The morphology of the coating was not modified, while
the osteoblasts present a polygonal flattened form.

Figure 8. SEM micrographs for HA coatings deposited at (a) 1.2 J/em* (HA1), (b) 2.7 J/em? (HA3), and (c) 7.5 J/cm?
(HADb) after 5 days of cell growth.

A similar investigations on HA coatings were conducted by Zhu et al. They analyzed the
behavior of MC3T3-E1 cells cultured on the specimens after 7 days [68].

In another study, some of the HA coatings grown by PLD using a laser fluence of 3 J/cm? were
thermally treated (at 400°C for 6h) in order to improve the crystallinity.
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After a first examination, the SEM images of this type of structures did not revealed significant
differences (Figure 9).

Figure 9. SEM micrographs of HA coatings deposited by PLD (a) with (HAt) and (b) without thermal treatment (HA).

SEM micrographs, at higher magnification, showed the differences induced by the thermal
treatment (Figure 10).

HAt (treated) HA (untreated)

Figure 10. SEM micrographs of HA coatings synthesized by PLD with (left) and without (right) thermal treatment.

It can be seen that HA coatings present a more rough morphology at nano level. The droplets’
shape is similar to that of snowballs, and the surface is made up of parallelepipedic structure.
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The thermal treatment induced the surface structure reorganization. There are no longer
irregularities, and the appearance of the droplets is smooth.

The Atomic Force Microscopy (AFM) analysis revealed differences between the two types of
structures related to their roughness (Figure 11). The decrease in the rough value from 1.01 to
0.8 nm, at nanometric scale, proves the smoothing of the target.

RMS =0.8362 nm RMS = 1.0139 nm
HAL (treated) HA (untreated)

Figure 11. AFM imaged for HA coatings deposited by PLD with (left) and without (right) thermal treatment.

EDS results showed that the value of Ca/P ratio diminishes from 2.04 (untreated sample - HA)
to 1.63 (treated sample - HAt). The corroborated results demonstrated the importance of
thermal treatment in obtaining crystalline hydroxyapatite, biocompatible, having a structure
similar to stoichiometric HA.

HA coatings were also grown by other techniques, such as thermal spray, high velocity oxy-
fuel (HVOF) techniques, and plasma spraying trying to find, as in PLD depositions, the optimal
conditions for good film with applications in medicine [19, 69].

A thermal treatment was also applied to Mn-CHA and OCP films obtained by PLD. In case of
Mn-CHA coating, the Ca/P atomic ratio obtained by XPS and EDS investigations was 1.64—
1.66, close to the stoichiometric values.



Laser Ablation of Biomaterials
http://dx.doi.org/10.5772/65197

The morphologies of the two structures, OCP and Mn-CHA, are quite different. OCP has a
porous and arborescent-like structure (Figure 12a and b), and Mn-CHA has a granular and
more compact (Figure 12c and d). The surface morphologies of both calcium phosphates are
well matched for bone tissue growth and osteointegration.

Figure 12. (a) Scanning and (b) Transmission Electron Microscopy (TEM) images of OCP coatings; (c) SEM and (d)
TEM images of Mn-CHA coatings (reproduced with permission from Ref. [25]).

In case of OCP coatings, XPS measurements showed the total dissolution and disappearance
of coating after 7 days of immersion in simulated body fluid (SBF) (Figure 13a). SEM investi-
gations confirmed this advanced dissolution. As for Mn-CHA, the SEM and XPS investigations
demonstrated that the coatings preserve the basic composition even the intensity of Ca and P
peaks decreased (Figure 13b). After 7 days of immersion in SBF, the surface becomes slightly
smoother.

Some interesting results were obtained by laser ablation of Mg:OCP and Sr:OCP compounds
using the MAPLE technique [31]. The X-ray Diffraction (XRD) patterns revealed that all
MAPLE coatings are constituted of OCP. This remark is sustained by the presence of the strong
low angle reflection 20 of 4.7° and the series of reflections in the range of 30-34°. Comparing
these results with the previous one related to OCP deposition by PLD [70], one can remark
that the gentle deposition conditions of MAPLE offer a higher degree of OCP crystallinity with
respect to PLD [31]. The homogeneous distribution of magnesium and strontium on the thin
film surface was evidenced by EDS analysis (Figure 14).
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Figure 13. XPS spectra of (a) OCP and (b) Mn-CHA before and after degradation tests (reproduced with permission
from Ref. [25]).

B Calcun B Magresum Strontium
Figure 14. EDS maps recorded for (a) Mg:OCP and (b) Sr:OCP coatings (reproduced with permission from Ref. [31]).

To evaluate the proliferation and morphology of MG63 cells, one can also perform phalloidin
staining on OCP, Mg:OCP, and Sr:OCP coatings deposited by MAPLE. The surface topography
and chemical composition can influence cell behavior. Looking the images of MAPLE coating
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stain with phalloidin for 14 days, no visible differences were observed (Figure 15, left). Similar
results are visible from SEM images of the same structures (Figure 15, right). Deeper studies
showed that Mg:OCP and Sr:OCP coatings improved the proliferation and differentiation of
MG63 cells.

100 pm

100 pm
——

Figure 15. Phalloidin staining (left) and SEM images (right) of MG63 cells after 14 days of culture grown on (a) OCP,
(b) Mg:OCP, and (c) Sr:OCP (reproduced with permission from Ref. [31]).

The biological analysis conducted on Mg:OCP and Sr:OCP coatings revealed no visible
cytotoxic or inflammatory effects on osteoblast-like cells in all experimental times (Table 1).

Test MG63 3 days 7 days 14 days
WST1 (450/625 nm) 1.564+0.125 3.132+0.081 3.303 +0.047
Alkaline Phosphatase (ALP) (ug/mg proteins) 1.20+0.17 2.33+0.19 1.65 +0.02
Collagen Type I Production (CICP) (ng/mg proteins) 99+12 11.3+£0.3 11.1+0.3
Osteocalcin (OC) (ng/mg proteins) 2.00 +0.09 2.09+0.18 2.63+0.22
Interleukin-6 (IL-6) (pg/mg proteins) 37+9 109 +5 97+3
Transforming Growth Factor -1 (TGF-B1) (pg/mg proteins) 454 + 34 537 £ 67 370 +26

Table 1. Control values of proliferation and differentiation for MG63 osteoblast cells at 3, 7, and 14 days culture.
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Mroz et al. also evaluated the performances of HA and OCP coatings deposited by PLD. The
biological assays revealed that both layers are biocompatible with respect to human osteoblast
cells, offering favorable conditions for their proliferation [71].

5. Conclusions and perspectives

This chapter highlighted the importance of laser ablation phenomenon that underlies the
processing of biomaterials.

Laser ablation of biomaterials is an important and complex field. This domain was explored
since long time, but there are a lot of natural or inorganic biomaterials, which wait to be
developed and understood.

PLD and MAPLE techniques are of interest for thin film deposition, allowing varying some
parameters to achieve the optimum conditions for the selected biomaterial. They permit the
stoichiometric transfer. In case of PLD, the depositions are obtained from a solid target, as
compared to MAPLE in which the target is a cryogenic mixture.

Sensitive biomaterials can be processed only by MAPLE, to avoid the chemical decomposi-
tion. The deposition of calcium phosphates (CaP) as thin films can be done by both techni-
ques. Physical-chemical and biological analyses in the field of CaP recommend these
coatings as potential biomaterial for the development of medical implants.
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Abstract

New method of using laser ablation for film deposition that can be called as concurrent
multi-beam multi-target matrix-assisted pulsed laser evaporation and pulsed laser
deposition (MBMT-MAPLE/PLD) is described. Practical MBMT-MAPLE/PLD system
built at Dillard University has three separate laser beams, three targets and the remotely
controlled plume overlapping mechanism that provides even mixing of the target
materials during their deposition on the substrate. The system accommodates MAPLE
targets in the form of polymer solutions frozen with flowing liquid nitrogen. The
feasibility of the method was demonstrated when it was used for making polymer nano-
composite films with two inorganic additives: upconversion fluorescent phosphor
NaYF,:Yb*, Er* and aluminum-doped ZnO (AZO). Three laser beams, an infrared 1064-
nm beam for the MAPLE and two 532-nm beams for the PLD targets, were concurrently
used in the process. The fabricated nano-composite films were characterized using X-
ray diffraction, scanning electron microscopy (SEM), optical fluorescent spectroscopy,
and the measurement of the quantum efficiency (QE) of the upconversion fluorescence.
The size of the inorganic nanoparticles varied in the range 10-200 nm. The AZO additive
increased QE by 1.6 times. The conclusion was made on the feasibility of MBMT-
MAPLE/PLD method for making multi-component nano-composite films for various
applications.

Keywords: laser ablation, pulsed laser deposition, matrix-assisted pulsed laser evapo-
ration, polymer nano-composite films
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1. Introduction

Pulsed laser deposition (PLD) is a popular application of laser ablation for making thin films.
The technology in its variation of the matrix-assisted pulsed laser evaporation (MAPLE) has
become a potent way of making polymer and other organic coatings. The chapter will describe
a new method of making nano-composite films based on concurrent ablation/evaporation of
more than one organic MAPLE and inorganic PLD targets with several laser beams. The
advantage is an independent and optimized control of the deposition conditions for each
target. The discussion will include the design of the multi-beam multi-target deposition
system, examples of the deposited nano-composite films and their properties, the encountered
problems/solutions, and the future trends.

For the last three decades, PLD technique has been intensively used for deposition of many
kinds of oxides, nitrides, carbides, and metals and for fabrication of thin films including those
composed of superconductors, electro-optic BaTi0,, piezoelectric ZnO, electro-conductive
TiO,, rare earth (RE) doped phosphate glasses, etc [1-14]. Those thin films had many deficien-
cies that had to be addressed before making them suitable for commercial applications. The
technique was used by Smith and Turner [2] in 1965 for the preparation of semiconductor and
dielectric thin films. They demonstrated the stoichiometry transfer between the target and the
deposited film and high deposition rates of about 0.1 nm per pulse. The occurrence of the
droplets of the target material on the substrate surface has been observed in [3]. Despite some
encouraging results for single-component films, the conventional single-beam single-target
PLD technique remains to be poorly suitable for composite films made of the materials of
different nature: one of the reasons that a single laser beam cannot be always suitable for a
wide spectrum of materials. Further improvement is a new variant of PLD called the concur-
rent multi-beam multi-target PLD that deposits different materials simultaneously with
different laser beams producing overlapping plumes. In case of polymer nano-composite films
at least one of the laser beams and the target must be suitable for the process of deposition of
the polymer host, such as MAPLE.

In MAPLE, a frozen solution of a polymer in a volatile solvent becomes a laser target [15-54].
The solvent and concentration of the solution are chosen in such a way that first, the polymer
dissolves completely and forms a dilute solution free of particulate; second, the main portion
of the laser energy is absorbed by the solvent and not by the solute; and third, no photochemical
reaction occurs between the solvent and the solute. The interaction between the laser radiation
and matter in MAPLE is a photothermal process. The energy of the laser beam absorbed by
the solvent is converted to thermal energy that heats the polymer but causes the solvent to
vaporize. As the solvent molecules escape into the gas phase, the polymer molecules gain
sufficient kinetic energy via collisions with the evaporating solvent molecules and enter the
gas phase as well. Selection of the optimal MAPLE conditions (laser energy and wavelength,
pulse repetition rate, type of solvent, concentration of the polymer solution, temperature, and
background gas and its pressure) can result in the deposition process with no significant
degradation of the polymer. The MAPLE deposition is carried on layer-by-layer, while the
concentration of the polymer solution in the ablated target remains constant. When a substrate
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is positioned directly in the path of the plume, a film starts forming from the evaporated
polymer molecules on a substrate placed in the path of the plume. At the same time, the volatile
solvent molecules are taken away from the chamber by the vacuum pump. In case of fabrication
of polymer nano-composites, MAPLE targets are usually prepared as nano-colloids of the
additives of interest in the initial polymer solutions. Combining the components of different
nature, such as polymers and inorganic substances, in the same target and ablating them with
the same laser beam rarely results in nano-composite films of fair quality. The laser beam
energy and wavelength cannot fit all components in the mixture. Also, the proportion of the
components in the film is dictated by the target and cannot be altered in the process. The
improvements can be expected in the method of concurrent multi-beam and multi-target
deposition using MAPLE polymer targets and inorganic PLD targets, each being concurrently
ablated by laser beams of different wavelengths [55-64]. The method can be called as multi-
beam multi-target MAPLE and PLD or with acronym MBMT-MAPLE/PLD that is described
below.

2. Methods and materials

2.1. Multi-beam multi-target MAPLE/PLD system

The design of the MBMT-MAPLE/PLD system (it is a three-beam and three-target variant) is
schematically presented in Figure 1. Three laser beams of different wavelength evaporate/
ablate concurrently three targets made of different materials (organic or inorganic). The laser
beams are forced to scan over the targets with oscillating (in X and Y directions) reflectors in
order to eliminate pre-mature target erosion and cracking due to laser-induced target ablation
in a single spot. The photograph of the 24" vacuum chamber of the system at Dillard University
and one of three laser beam guides is presented in Figure 2.

Drive 1

Pulsad laser
deposition

vacuum chamber

Laser beam 1

Figure 1. The schematic of the MBMT-MAPLE/PLD system [60].
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Figure 2. View of the 24" vacuum chamber of the three-beam MBMT-MAPLE/PLD system at Dillard University (a).
The side view of one of the laser beam guides including the holder for the laser beam scanner attached to the optical
window of the chamber (b) [60].

Ta 1
Target Holder 1
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Figure 3. Schematic of the target tilting sub-system of the MBMT-MAPLE/PLD system with remote control of the direc-
tions of the plumes. Shown are two targets out of three. 0 is the optimal angle between the plums at which they over-
lap in point A on the surface of the substrate.
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The MBMT-MAPLE/PLD system has a sub-system of the plume direction control schematically
presented (for two targets for the sake of simplicity) in Figure 3. Remotely controlled vacuum
compatible linear actuators tilt the targets in order to achieve an optimal angle 0 between the
plumes (which are perpendicular to the target surfaces) at which the plumes overlap on the
surface of the substrate. This secures the uniform mixing of the materials from the targets in
the resulting composite film during the deposition process. The photographs of the tilt control
sub-system for three targets are presented in Figure 4. One important feature of this sub-system
is that the target holders are tilted around the axes in the horizontal plane instead of vertical
plane, which reduces chances of dropping or spilling the target material.

(b)

Figure 4. View of the three-target holder with remotely controlled tilt of each target (to achieve overlapping of the
plumes on the substrate) (a) and the view of the three-target holder installed inside the vacuum chamber (b).

The target holders of the triple-target sub-system are designed to accommodate MAPLE tar-
gets cooled with flowing liquid nitrogen (LN) as presented in Figure 5. A copper container
for a polymer solution (MAPLE target) is mounted on a copper container for LN (the cooler)
that cools the polymer solution (the target) and keeps it frozen. The MAPLE target assembly
is connected to the LN feeding and collecting lines (copper tubing) drawn through a flange
to be attached to the vacuum chamber. The feeding line is connected to the LN feeding ves-
sel external to the vacuum chamber. The collecting LN line is connected to another external
vessel where the LN flows in after passing through the cooler. The MAPLE target assembly
is mounted on the top of one of the tilting target holders (Figure 4) installed inside the vac-
uum chamber. Horizontal orientation of the MAPLE target in this design makes possible to
conveniently install the empty copper cup in the chamber and fill it later with the liquid pol-
ymer solution without the risk of spilling it out before freezing.
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 Vecwsm flange

Figure 5. View of the MAPLE target assembly removed from the vacuum chamber. The target is cooled with liquid
nitrogen (LN).

2.2, Target materials

The MBPT-MAPLE/PLD method was used to deposit thin films of a polymer nano-composite
film with two inorganic additives: upconversion phosphor and the electro-optic enhancer of
the upconversion emission.

2.2.1. MAPLE target

The MAPLE target material was the solution of poly(methyl methacrylate) known as PMMA
in chlorobenzene at a proportion of 1.0 g solids per 10 mL. The solution was filtered through
a 0.2-micron filter.

2.2.2. Inorganic PLD targets

2.2.2.1. Upconversion phosphor

The first inorganic PLD target was made by compressing a powder of efficient upconversion
phosphor NaYF,:Yb*, Er* with a 25-ton hydraulic press. Upconversion phosphor is a material
that absorbs low-energy photons, such as infrared (IR) ones, and re-emits high-energy photons
of visible or ultra-violet light. The compounds of the rare earth (RE) elements are particularly
attractive as upconversion phosphors with high efficiency of converting IR radiation to
upconversion emission. The efficiency depends significantly on the host material for the RE
ions. There is a group of efficient upconversion phosphors based on the hexagonal crystalline
fluoride NaYF, (8-NaYF,) as a host. This is due to the low phonon energy of its crystalline
lattice that keeps at minimum the rate of the non-radiative multi-phonon relaxation of the
excited RE dopant ions. The powder of phosphor NaYF,:Yb*, Er*" with the doping rates of
Yb* and Er** 10 and 2%, respectively (10 ytterbium ions and 2 erbium ions per 100 ions of
sodium), was synthesized using the wet method [55] and baked for 1 h at 400°C in open air to
convert host NaYF, to its hexagonal crystalline f-phase and maximize the upconversion
efficiency. Figure 6 presents the energy diagram of the phosphor and Figure 7 its absorption/
fluorescence spectra [60]. The energy of the laser photons is mostly absorbed by the ions of
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Yb?* acting as synthesizers and then transferred via the energy transfer process to the ions of
Er*, which generated the upconversion, higher energy photons due to the two-photon
mechanism. The phosphor powder produced intense visible upconversion emission with two
green spectral peaks at 515 and 535 nm and one red spectral peak at 653 nm being pumped
with infrared (980 nm) radiation from a laser diode as presented in Figure 7. Figure 8 presents
the X-ray diffraction spectrum of the phosphor powder taken with Bruker D2 Phaser X-ray
diffractometer. All the observed diffraction peaks can be attributed to f-NaYF,, thus indicating
that this is the dominating crystalline phase of the powder.
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Figure 6. Energy diagram of upconversion phosphor NaYF,: Yb*, Er** [60].
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Figure 7. Spectra of optical absorbance (dash-dotted line) and upconversion fluorescence (solid line) of phosphor
NaYF,: Yb*, Er** [60].
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Figure 8. XRD spectrum of the upconversion phosphor powder baked for 1 h at 400°C with the diffraction peaks
attributed to the hexagonal p-phase of NaYF,.

2.2.2.2. Electro-optic AZO compound

Aluminum-doped ZnO (AZO) compound is an optically transparent electric conductor with
the surface plasmon resonance (SPR) enhancement of local optical field similar to the noble
metals, but without significant optical losses attributed to them [65-68]. It can thus be expected
that adding AZO nanoparticles to the upconversion phosphor in a polymer nano-composite
film will bring the local enhancement of the pumping IR optical field in the vicinity of the
phosphor nanoparticles and consequently increase the intensity of the upconversion emission.
PLD target was a pellet of Zn,gAl ,,O where the aluminum fraction was 2% of the total by
weight as compared with zinc, not counting the oxygen. The AZO pellethad 20 mm in diameter
and 3 mm in thickness. The pellet was prepared by spark plasma sintering (SPS), also referred
to as pulsed electric current sintering (PECS). In SPS pulsed DC current passed through a
graphite die, as well as the AZO powder compact. Joule heating is the key mechanism in the
densification of the powder compact. The densification resulted in near theoretical density at
a lower sintering temperature than in conventional sintering. The heat is produced internally.
This differs from the regular hot pressing with the heat generated by external source. Due to
high heating/cooling rate (up to 1000 K/min) sintering was very fast (within few minutes). High
speed of the process ensured it densified the powder without coarsening, which accompanied
standard densification routes. While the term “spark plasma sintering” is commonly used, a
literal interpretation of the term may be misleading since neither a spark nor a plasma is present
in the process. Figure 9 presents the X-ray diffraction spectrum of the AZO target taken with
Bruker D2 Phaser X-ray diffractometer. All the observed diffraction peaks can be attributed

to ZnO.
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Figure 9. XRD spectrum of the prepared AZO PLD target with the diffraction peaks attributed to ZnO.

2.3. Deposition procedure

The PMMA solution in chlorobenzene was poured in a copper cup of the MAPLE target
assembly (Figure 5) and frozen with liquid nitrogen. The first PLD target was the pellet of the
upconversion phosphor. The AZO pellet was the second PLD target. Two pulsed laser sources
were used. The first was a Spectra Physics Quanta Ray Nd:YAG Q-switched Pro-250-50 laser
with a pulse repetition rate of 50 Hz, 750-m] energy per pulse (1064-nm wavelength) and 400-
m] energy per pulse at the 532-nm second harmonic. The second laser source (synchronized
with the first laser) was a Spectra Physics Quanta Ray Nd:YAG Q-switched Lab-170-10 laser
with a pulse repetition rate of 10 Hz, 850-m] energy per pulse (1064-nm wavelength) and 450-
m] energy per pulse at the 532-nm second harmonic. The MAPLE target was evaporated with
the 1064-nm beam from the first laser source and exposed to the fluence ranging from 0.84 to
2.4 J/cm? per pulse. The first PLD target was concurrently ablated with the 532-nm frequency
doubled Nd:YAG beam from the same source. The fluence was tuned up between 0.8 and 1.0
J/cm? to keep the proportion of the upconversion material in the polymer film at approximately
5% by weight. The second PLD target was concurrently ablated with the 532-nm frequency
doubled Nd:YAG beam from the second source. The fluence was tuned up between 1.0 and
2.2 J/em? to keep the proportion of the upconversion material in the polymer film at approxi-
mately 5% by weight. The polymer films were deposited on preoxidized Si (100) substrates
with a SiO, layer thickness of 2.0 um. The deposition time was ~3.0 min (until PLD targets
started showing the signs of erosion). The thickness of the deposited films was between 180
and 200 nm as measured with an atomic force microscope.
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3. Properties of the deposited films

3.1. Crystalline structure of the inorganic additives in the polymer nano-composite film

In order to conduct X-ray diffraction spectroscopy, the deposited films were separated from
the substrates and placed in a Bruker D2 Phaser X-ray diffractometer. A reference sample of
the PMMA nano-composite film containing only one upconversion phosphor additive was
also made. The X-ray diffraction spectrum of this sample is presented in Figure 10. The
spectrum has all the signatures of the hexagonal p-phase NaYF, that was initially present in
the first PLD target made of the upconversion phosphor. Figure 11 shows the X-ray diffraction
spectrum of the polymer nano-composite film including nanoparticles of both inorganic
additives: the upconversion phosphor and AZO. The observed spectral peaks include those
that can be attributed to both f-phase NaYF, and AZO. It thus can be concluded that the two
inorganic additives have been transferred to the polymer film without modification of their
crystalline structure during the PLD process.

Figure 10. XRD spectrum of the two-component composite film made of PMMA and the nanoparticles of NaYF,: Yb*,
Er’* with the diffraction peaks attributed to the hexagonal g-phase of NaYF,.
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Figure 11. XRD spectrum of the three-component composite film made of PMMA and the nanoparticles of NaYF,: Yb*,
Er*and AZO.
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3.2. Morphology

Figure 12 presents the high-resolution scanning electron microscope (SEM) image of the
produced nano-composite film with a magnification of x60 K. For the sake of convenience, the
images of some exemplary nanoparticles are marked with arrows. The size of the nanoparticles
varied widely in the range of the order of 10-200 nm. The nearly uniform distribution of the
nanoparticles in the polymer film was occasionally disrupted by much larger particles or
clusters (limited resolution of SEM prohibited distinguishing between large particles and the
clusters of nanoparticles) of the order of 500-1000 nm.

Figure 12. Scanning electron microscopy (SEM) image of the three-component composite film made of PMMA and the
nanoparticles of NaYF,: Yb*, Er*and AZO taken with magnification x60,000. White arrows point to exemplary nano-
particles of various sizes (from ~10 to 200 nm) embedded in the polymer matrix.

3.3. Fluorescence

The deposited nano-composite films demonstrated visible upconversion fluorescence being
pumped with a 980-nm IR radiation from a laser diode (PL980P330] from Thorlabs; 330-mW
maximum power; quantum well laser chip, pigtailed with a wavelength stabilizing fiber Bragg
grating). The spectrum of the upconversion emission was measured with a Princeton Instru-
ments 500-mm focal-length Spectra Pro (SP-2500i) imaging spectrometer/monochromator
equipped with 1200 gr/mm (blazed at 500 nm) holographic diffraction grating. The spectrum
presented in Figure 13 had peaks at 522, 540, and 656 nm and resembled the spectrum of the
bulk phosphor target (Figure 7).

The upconversion fluorescence of the films was quantitatively characterized by the quantum
efficiency (QE) n. QE is the ratio of the number of the photons of the upconversion radiation
generated per unit of time n,, to the number of the photons of the infrared pump radiation
1N = (My/Mpy) x 100% [69]. The quantum efficiencies of green (at 522- and 540-nm spectral
peaks combined) upconversion emission of the deposited three-component films (PMMA-
phosphor-AZO), two-component films (PMMA-phosphor), and the bulk phosphor target
were measured to be of 0.072, 0.045, and 0.56% respectively. QE of the bulk phosphor PLD

target compared well against the highest 3% quantum efficiency reported for similar
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upconversion phosphor NaYF,: Yb*, Er* in the literature [69]. QE of the polymer nano-
composite film containing only the nanoparticles of the upconversion phosphor was ~12
times less than that of the bulk phosphor. On the other side, the nano-composite film
deposited under similar conditions, but also containing AZO nanoparticles, had QE ~1.6
times greater. This could be attributed to the plasmonic enhancement effect of the AZO
nanoparticles on the local optical pump IR field. Since the upconversion emission is a two-
photon process, QE could be increased proportional to approximately square of the pump
power. In this experiment, the maximum pump power was limited to 150 mW, less than the
damage threshold of the nano-composite film.
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Figure 13. Spectrum of upconversion emission of the PMMA nano-composite film with NaYF,: Yb*, Er** and AZO ad-
ditives excited with a 980-nm laser diode.

The reason for the nano-composite film having an order of magnitude weaker upconversion
fluorescence than that of the bulk phosphor powder, besides a limited concentration of the
phosphor nanoparticles in the polymer host, could be related to the size effect. Based on the
doping rate of the RE ions in the phosphor (see Sub-Section 2.2.2.1) and the computational
approach in [70], the average number of the Er** and Yb* ions in the particles of an average
diameter of 10 nm could be estimated as 128 and 628, respectively. The particles of 100-nm and
1-um diameter would contain 10° and 10° times more RE ions. The upconversion emission
involved two types of RE ions with the Yb* ion acting as a captor of the pump IR photons that
later excited the Er*" ion through the energy transfer process involving two IR photons, but
not one. The more the RE ions contained in a phosphor particle, the stronger the upconversion
emission would be. Accordingly, the nano-composite film including the nanoparticles of the
upconversion phosphor of the size not exceeding ~200 nm should expectedly have upcon-
version QE less than that of the bulk powder with significant presence of 1-um and greater
particles. Adding the nanoparticles of AZO compound to the polymer nano-composite film
helped to partially compensate the drop of upconversion QE due to the plasmon enhancement
of the local pump IR optical field. As an illustration of possible applications for upconversion
fiber illuminators, Figure 14 presents the photograph of the tip of a single-mode fiber coated
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using the above-described MAPLE/PLD method with a nano-composite film of PMMA +
NaYF,: Yb*, Er* + AZO pumped with a 980-nm laser diode (125-mW power). The tip of the
fiber illuminated the white back side of a business card with visible upconversion light. The
picture was taken with an iPhone 6 digital camera at dimmed room light.

Figure 14. Photograph of the tip of a single-mode fiber coated with a nano-composite film of PMMA + NaYF,: Yb*, Er**
+ AZO pumped with a 980-nm laser diode (125-mW power) illuminating white back side of a business card.

4. Conclusions

The multi-beam multi-target MAPLE/PLD method as a new variation of the film deposition
via laser ablation makes possible to transfer concurrently several inorganic additives, such as
an efficient upconversion RE inorganic phosphor and AZO compound, in nano-composite
polymer films preserving crystalline structure of the additives and the upconversion emission
properties. This is due to much better control of the deposition process of the materials of
different nature from separate targets with different laser beams. The basic components of the
new triple-beam triple-target MAPLE/PLD apparatus and the major process steps have been
designed, built, and tested. The preliminary results indicated that adding AZO nanoparticles
improved by a factor of 1.6 the upconversion quantum efficiency of the upconversion emission
from the films possibly due to the plasmon enhancement of the local optical pump IR field in
the vicinity of AZO nano-particles. The MBMT-MAPLE/PLD technique can find its applica-
tions in fabrication of multi-component polymer-inorganic composites with functionalities
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spanning emitting light, sensing bio- and chemical agents, energy harvesting, and other
applications.
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Abstract

Simple and inexpensive methods of obtaining large-area uniform in thickness and
composition thin films on rotating substrates and moving ribbons through pulsed laser
deposition have been proposed. Thin films of different compositions were prepared
using these methods. The thickness uniformity of obtained films was preserved within
the limits of 3% on up to 300 mm diameter substrates. Also, a method of creating a
laser spot with a certain configuration on the target is proposed allowing almost full
utilization of the target material.

Keywords: pulsed laser deposition, large-area films

1. Introduction

The wide application of thin films in newest technologies has revealed the need of developing
simple methods of obtaining large-area thin films. One of these methods is provided by pulsed
laser deposition (PLD). Itequally provides high speed of deposition, correspondence of the film
composition to that of the target, and possibilities to vary the gas pressure in the deposition
chamber in a wide range.

PLD started developing rapidly after the discovery of high-temperature superconductivity.
Scientists needed samples of new multicomponent materials, superior in their characteristic
to the ceramic ones, for identification of their physical properties and disclosure of high-
temperature superconductivity mechanism. For solution of these issues, the Laboratory of
High-Temperature Superconductivity was founded in the Institute for Physical Research NAS
of Armenia in September 1987. Here, we present the research conducted in this laboratory to
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develop new approaches and solutions for the preparation of large-area homogeneous in
composition and thickness thin films and coatings of complex compounds. PLD turned out to
be a very convenient tool to obtain thin films of high-temperature superconductors.

PLD is used to grow thin films of metals, oxides, polymers, biocompatible materials, and so
on. It allows the fabrication of ultra-thin epitaxial single-crystalline, polycrystalline and
amorphous films, heterostructures and nanocrystalline coatings [1, 2]. PLD is simple in
application and, therefore, is widely used in research laboratories. However, it is also prom-
ising for various commercial applications, in particular, growth of large-area films. Films of
uniform thickness on large-diameter substrates are necessary for many applications in
microelectronics, optical industry, and other modern technologies.

Wide use of PLD in the growth of large-area films is impeded by the following circumstance:
the angular distribution of the mass-transfer rate in the plasma plume formed by laser radiation
is nonuniform. Therefore, using conventional laser deposition, one cannot obtain films of
uniform thickness on substrates larger than 10 mm in diameter. In this chapter, we describe
some main solutions to this problem and propose a new technique for depositing thin films of
uniform thickness on large-area substrates the size of which is limited by the deposition
chamber dimensions only.

All versions of PLD of large-area films are based on the fact that the angular distribution of
the mass-transfer rate in a plasma plume is set by the function F(0) = Acos™ 6 [1], where 0 is
the angle of deviation from the perpendicular to the target plane. The plasma plume axis, that
is, the direction in which the mass-transfer rate is maximal, is perpendicular to the target
surface in a wide range of variation in the angle of incidence of laser beam on the target.
Knowing the angular distribution of the mass-transfer rate of the material evaporated from
the target, one can arrange the mutual position and motion of the target and substrate to
provide identical amount of evaporated material per substrate unit area over the substrate
surface and thus grow films uniform in thickness.

2. Main solutions for depositing large-area films

Let us briefly consider the main existing ways for large area films deposition [1]. In one of
them, a laser beam is incident on a rotating target, before which a rotating substrate is located
parallel to the target. The substrate axis is shifted with respect to the plasma plume axis by
some distance (Figure 1a). This distance is determined by the width of the gap between the
target and the substrate, the substrate diameter, and the angular distribution of evaporated
particles in the plasma plume. Thus, the part of the plasma plume that is characterized by a
higher mass transfer of evaporated material arrives at the substrate edge, where a larger area
must be coated for the same time; as a result, a film of uniform thickness grows. A modification
of this technique is the version shown in Figure 1b. Here, the substrate simultaneously rotates
and moves in the horizontal plane. A computer controls the horizontal displacement velocity
of the substrate in such a way that the plasma plume axis is directed toward the substrate edge
for a longer period as compared to the center.
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Figure 1. Schematics of the main techniques for depositing large-area films: (a) “off-axis” deposition, (b) deposition on
substrate that simultaneously rotates and moves in the horizontal direction, and (c) scanning the laser beam on the
surface of a large target.

The drawback of the first version (Figure 1a) is the spatial confinement of the ablation plasma
plume. Substrates whose diameter exceeds some limiting size are not overlapped completely
by the plume region where the mass-transfer velocity is sufficiently high. This drawback can
be compensated for by mounting the substrate at a larger distance from the target; however,
the larger the substrate, target distance, the lower the deposition rate. In addition, the stoichi-
ometry of multicomponent films can be preserved only in certain range of variation in the
substrate —target distance.

The drawback of the second version (Figure 1b) is the necessity of preliminary analysis of the
angular distribution of the mass-transfer rate in the plasma plume in specific geometry and
under specific deposition conditions. In turn, the angular distribution of the mass transfer may
vary during deposition, because it depends on several parameters, which may also vary during
long-term deposition. There are many modifications of the above-described techniques. Some
achievements in growing large area films by PLD were described in the study of Eason [2]. As
previously, the main technique is based on scanning the laser beam on the surface of a large
target (Figure 1c). However, the manufacture of a large target for some of the compounds can
be very expensive.

3. Proposed methods of deposition on rotating substrate

Three relatively simple methods of laser deposition of large area thin films are proposed [3,
4]. The first method is based on the target tilt control relative to the laser beam and its focal
spot while the substrate is maintained in the same position. Specifics of other two methods
include the deposition of a compound on a substrate through a mask with consideration of
various slits on it. In one of the options, the mask has a slit in the form of a sector symmetrical
to the substrate radius and with variation of angular sizes at different values of the radius.
Another option uses a mask with two bent sector-shaped slits located symmetrically relative
to the line of equal velocity of the compound mass transfer path.
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Conditions of films deposition at experimental verification of the proposed methods were the
following. The deposition was performed using the third harmonic of an Nd*:YAG laser (A =
355 nm) with the pulse characteristics: energy, 15 mJ; width, 10 ns; and repetition rate, 20 Hz.
The target and substrate rotation speeds were 37 and 2 rpm, respectively. AMBIOS XP-1
profiler was used to control the thickness of the obtained films.

Substrate

Figure 2. Geometry of tilting target method.

Film Thickness (Arb. Units)

0 L L L L L
10 20 30 40 50

Radius (mm)

Figure 3. Dependence of film thickness on substrate radius. (a) a = +18°: d = 0.8 mm (1), 0.65 mm (2), 0.45 mm (3), 0.3
mm (4); (b) @ =-30°:d =1.05 mm (1), a =-24°d =1.05mm (2), @ =-30°: d = 0.8 mm (3), a =-24°: d = 0.65 mm (4); and (c)
a=-24°d=1.05 mm and o =+18° d =0.45 mm.

3.1. The method of tilting target

The first method directing the plume flux to various substrate areas is illustrated in Figure 2.
Here, the target with a center in point O is tilted around the axis passing through the center
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and perpendicular to the laser beam. This AOA” axis is parallel to the substrate plane rotating
around O’E. In original substrate position, the plume axis coinciding orthogonal to the target
plane is crossing the substrate at point B. With tilted substrate, this intersection point is
traveling from point D to point D’ as it is marked by the dashed lines.

Angular distribution of the material ablated by the laser beam has a number of parameters it
depends on. We have narrowed the variability to the slant angle (a) and the laser beam
diameter (d). Figure 3 shows the dependence of deposited film thickness on mentioned
parameters as a function of substrate radius. It is clear from the charts in Figure 3 that the
proposed target tilting method allows achievement of a thicker deposition on the center and
edges of the substrate. So it is possible to obtain uniform film thickness by superposing two
tilts as it is shown in Figure 3c. Variation of the thickness of the film deposited by such a
technique did not exceed +3.3%.

Figure 4. Geometry of mask method of deposition on a rotating substrate. 1, laser beam; 2, target; 3, substrate; 4, plas-
ma torch; 5, substrate holder; 6, mask; 7, axis of the plasma plume; 8, center of rotation of the substrate; 9, point of
intersection of the line connecting the focal spot and the center of rotation of the substrate with the mask plane.

3.2. Mask method of deposition

We have proposed two essentially different solutions of the problem of obtaining large-size
films on a rotating substrate. The first method is based on the use of a mask with a slit in the
form of a sector of different angular sizes at different distances from the substrate rotation axis.
The slit configuration is determined on the basis of the angular dependence of the mass-transfer
rate so that the thickness uniformity of the deposited film is provided. The second method
uses the slits in the form of a sector with a curved symmetry axis coinciding with the equal
thickness line of the film deposited on a stationary substrate. Figure 4 shows schematically the
geometry of film deposition on a rotating substrate. It is seen that it differs from the conven-
tional off-axis deposition (Figure 1a), in that the deposition is performed through a mask
placed in the immediate vicinity of the substrate.

153



154  Applications of Laser Ablation - Thin Film Deposition, Nanomaterial Synthesis and Surface Modification

3.2.1. Sectorial slit with varying angular sizes

This technique supposes deposition through a mask with a slit in the form of a sector symmetric
with respect to the substrate radius and having different angular sizes at different distances
from the axis of substrate rotation. The sector vertex must be in the point of intersection of the
straight line connecting the focal spot and the center of the rotation of the substrate with the
mask plane. Figure 5a shows the variation of the thickness of films along the substrate radius
in different deposition processes. Curve 1 presents the process with no mask and rotating
substrate. Curve 2 corresponds to deposition on the rotating substrate through a mask with a
slit in the form of a sector. As expected, in this case, we obtain films of nonuniform thickness.
However, curve 2 indicates where the sector should be narrowed and where broadened.
Performing several depositions with different masks, we succeeded to reveal a mask configu-
ration (Figure 5b) providing the thickness uniformity of the films (curve 3).

Film thickness
(rel. un.)

b)

Halfwidth of the slit,
[x/2 (mm)
=)

{1 B s e S S S S
0 10 20 30 40 5C
Radius, R (mm)

Figure 5. Radial distribution of film thickness (a) slit configuration which provided film thickness uniformity (b).

3.2.2. Calculation of the configuration of slit in the mask

In order to exclude experimental optimization of the mask-slit configuration, a method has
been designed to calculate the slit form based on the data from one deposition process onto a
stationary substrate. With this purpose, the deposition is performed onto a non-rotating
substrate without a mask. Figure 6 shows the relative thickness of a CuO film obtained under
indicated conditions. After choosing the position of the plume axis with respect to the axis of
rotation of the substrate and taking the center of rotation for the origin, we determine the
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variation of the film thickness along an arc of circumference for different values of R inside a
sector with an angle 6.

Figure 6. Relative thickness of the film deposited from CuO target on a resting substrate (1), ellipse of equal thickness
(2), and the part of the plasma plume passing through the mask (3).
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Figure 7. Distribution of film thickness along the arc at different radii R: 1, 10 mm; 2, 20 mm; 3, 30 mm; 4, 40 mm; and
5, 50 mm. The pattern is symmetric and the maximal thickness is associated with the origin of the I; coordinate.

For given (parallel) position of substrate and target rotation axes, the film thickness on various
R from the center of substrate inside the sector with 6 angle is determined. Figure 7 shows the
case corresponding to 6 =50° (the distance between two rotation axes is 2 cm). Using these data,
the average film thickness h  on various R is calculated in the first approximation. Then, the
optimal length of the circle arc Iy is determined (i.e., the slit width on various R). This provides
obtaining films with the same thickness on various R, equal to the average thickness i Rm On the

maximal radius R,, according to the formula lp= ﬁle RO/ ER' Here, 1(6)=nR5/180° is the
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length of the arc of the radius R in the sector with an angle 6. More accurate values, l12?, may be

obtained if we repeat the calculation using the average values of the film thickness Efz for the

slit corrected in the first approximation. After this step, a test of the obtained results is per-
formed.

Both the calculation data and the experiments have shown that the described computation
methodology provides the necessary precision for obtaining films with excellent thickness
uniformity.

Figure 8. Distortion of sectorial slit. The mask slit curved along the uniform thickness ellipse (dashed line) provides
both thickness and composition uniformity of deposited films.

3.2.3. Slit in the form of a sector with the curved symmetry axis

The method of the mask with a slit in the form of a sector with the curved symmetry axis is
realized also with the use of geometry presented in Figure 4. This possibility to obtain
thickness-uniform large-area films is due to the following circumstances. For obtaining a
thickness-uniform film on rotating substrate, the slit in the mask must be a sector with the
vertex coinciding with the rotation axis of the substrate. This is valid for the case of uniform
flow of deposited substrate. Consider now the realistic pattern shown in Figure 6. If we
intersect the three-dimensional surface outlining the thickness of the film, by a plane parallel
to the xy-plane, we obtain the line of equal thickness of the film. This line is usually an ellipse.
Intersecting the surface above by planes parallel to the xy-plane at different heights, we obtain
a set of concentric ellipses. Figure 8 shows the ellipse passing through point 9 in Figure 4. In
every point of this ellipse, we have the same thickness of the film. The reason for this is the
spatial uniformity of the flow of deposited material along this line. Hence, the slit in the mask
in the form of a curved sector having the middle line coinciding with equal thickness ellipse
(Figure 8) should provide the uniformity of the film thickness. The choice of the ellipse is
caused by striving to obtain a uniform film over the entire surface of the substrate. Symmetry
of the pattern with respect to the substrate radius causes the possibility to use two slits which
doubles the deposition rate. The deposition rate depends as well on the value of angle a.
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Figure 6 shows the domain corresponding to the part of the plasma torch passing through the
mask. It is obvious that if in this domain the three-dimensional surface outlining the film
thickness has no abrupt changes in curvature, inside this domain the average thickness of the
film along the radius of substrate rotation will be the same for different radii and equal to the
thickness corresponding to the chosen ellipse. The smaller the angle &, the better this condition
is met. On the other hand, the smaller is the angle a, the lower is the rate of film deposition.
Hence, it is necessary to choose a in each case depending on the specific problem.

Implementation of both mask methods of deposition onto a rotating substrate has revealed a
possibility of providing for thickness uniformity for both CuO and YBa,Cu;0;_; films within
+3.3% on substrates with the diameter of 100 mm. The YBa,Cu,0,_; films had a high value of
temperature of a superconducting transition (T,= 90 K) independent of the distance between
the chosen domain and the center of substrate rotation which indicates radial uniformity of
the composition of deposited films. This refers more to especially the method of mask in the
form of a sector with curved symmetry axis, since the rate of mass transfer for components of
complex compound may vary depending on the solid angle inside the plasma torch. Another
advantage of such a mask is that the central part of the plasma torch is cut off. Thereby, the
density of micron-size particles inherent to laser deposition decreases.

We also point out the possibility to combine the principles underlying the two different types
of slit configurations, when requirements to the film quality are especially rigid. This may be
done if we employ a mask with slits having curved symmetry axis and different angular sizes
at different distances from the axis of rotation of the substrate.

3.3. Deposition of large-size films

Figure 9 shows schematically the deposition geometry for large-area thin uniform films, whose
transverse sizes are limited by only the deposition chamber dimensions [4]. Its distinctive
features are as follows:

* the presence of a diaphragm, partially transmitting the evaporated material, between the
target and the substrate.

* the translatory motion of the rotating substrate with respect to the target at a certain velocity
and selecting beams with identical and maximum mass-transfer rate from the plasma torch.

It can be seen in Figure 9 that the substrate undergoes translatory motion with respect to the
target. Obviously, in this geometry the substrate motion can be replaced by the joint motion
of the target and the diaphragm.

To grow a film of uniform thickness over the entire substrate surface, it is necessary to
determine the motion law for the substrate. The calculation results for substrate transferred
velocity V were experimentally checked by depositing thin CuO films on silicon substrates 30
mm long, located over the radius of a disk 300 mm in diameter. The angles between the target
plane, laser beam axis, and diaphragm plane were chosen so as to make the diaphragm select
a particle beam oriented perpendicular to the target from the plasma plume. At any changes
in the deposition parameters during a long-term process in the chosen geometry, the mass
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transfer rate of the target material to the substrate will be maximum and the deposition time
of a film of specified thickness will be minimum.

Laser beam
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/
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Figure 9. Schematic of the new technique for depositing thin films of arbitrary sizes.
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Figure 10. Surface profile of a CuO film deposited on a substrate transferred at a velocity V= const/r.

The surface profile of a CuO film deposited on a substrate transferred with a velocity V= const/
ris shown in Figure 10. The average film thickness is 85 nm. The thickness deviation from the
average value did not exceed +3% over the entire substrate surface. The method proposed
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makes it possible to obtain thin films of uniform thickness on substrates with sizes limited by
only the deposition chamber size.

4. Effective utilization of the target material

A commercial of PLD is hindered by its few drawbacks, main among those are a nonuniform
thickness of the deposited film and a low coefficient of effective utilization of the target
material. Consider the second drawback in more detail. In this method, the films are deposited
due to ablation of the target material by a laser beam. Obviously, if both the target and the laser
beam are immovable, then a crater arises on the target in a certain time interval. The crater
affects the angular distribution of the evaporated material, that is, the thickness of the film
deposited per unit time on a certain area of the substrate.

One more undesirable result is overheating of the target and distortion of its composition. The
target is also overheated in the case when the laser beam is focused onto the entire surface of
the target. In this geometry, no crater is formed in the target; however, the target undergoes
overheating. Thus, in the case of PLD with both immovable target and the laser beam, the
thickness and composition of the film deposited would vary in time. There is a simple solution
to the problem —rotation of the target, which substantially facilitates the situation preventing
the target from overheating and prolonging the duration of deposition without disturbing the
film composition and angular distribution of the evaporated material.

However, such geometry does not solve the problem yet. A groove arises in the rotating target
(Figure 11) and the angular distribution of the evaporated material changes with time. After
several deposition cycles with a variation in the distance of the laser beam from the target
center, concentric grooves arise on the surface of the target and the latter becomes unsuitable
for further employment. In the conventional geometry, utilization efficiency of PLD (the
fraction of its evaporated volume) is very poor (0.01-0.02). It is not important if the target
material is cheap. However, if the films of rare metals and its alloys are deposited or the target
is made of very high purity chemicals or isotopes, then such a low efficiency is inappropriate.

Figure 11. Target made of YBa,Cu,;0; ; of diameter 50 mm after five deposition cycles performed by the conventional
PLD method at magnification (a) 10x and (b) 60x.
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4.1. Ways of increasing the target utilization efficiency

There are several known solutions to the problem for improving the target utilization efficiency
in PLD of thin films. The targets employed for deposition may have polished surfaces. In this
case, up to 75% of the target material may be lost [5]. There are cardinal approaches, which,
however, substantially complicate the deposition installation suggesting the computer-
controlled scanning of the large target surface by a laser beam (Figure 12a) or moving the target
in two perpendicular directions relative to the fixed laser beam (Figure 12b). In this case, the
material ablation occurs from 90% of the target surface providing in this way a noticeable
improvement in the utilization efficiency.

T~ 1 N il

Substrate

Plasma plume

Rectangular
focal spot

Target

STl

Figure 12. Geometry of the PLD method with: (a) laser beam screening the surface of target; (b) target motion relative
to the laser beam, (c) rectangular focal spot along the radius of the target.

The suggestion in [6] is simple to realize: it is assumed that the laser beam is split into four
parts, each of them performing material ablation from a certain area of the rotating target.
Thus, a wider plasma jet of the evaporated material is formed (which facilitates the uniformity
of the film thickness) and ablation occurs from a larger surface of the target. From the viewpoint
of enhancing the target utilization efficiency, this approach is simply an increase in the focal
spot dimensions. However, the grooves on the rotating target will still be produced with the
following negative consequences. A more reasonable suggestion was patented [7, 8]. The
authors complicated the mechanism of target rotation in such a way that the target rotates
around two parallel axes. In this case, the laser beam circumscribes a cycloid rather than a circle
over the target surface, which will increase the target utilization efficiency. Unfortunately, this
approach has also a serious disadvantage (see below), which hinders obtaining high values of
target utilization.

A most simple solution is, evidently, a uniform distribution of laser radiation over the entire
surface of a fixed target. Such a distribution can be obtained, for example, with raster-focusing
systems [9]. Nevertheless, as mentioned above, such a scheme cannot be used for depositing
multicomponent compounds, because overheating of the target will affect the composition of
the latter. Thus, the known methods of enhancing a PLD process aimed at increasing the target
utilization efficiency either noticeably complicate the installation or do not solve the problem
completely. In the present work, we suggest a simple solution to the problem for attaining a
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maximal utilization of the target material, capable of increasing the utilization efficiency
actually to unity.

4.2. Rectangular focal spot arranged along the target radius

One possible solution to the problem for increasing the target utilization efficiency is a
rectangular spot of the laser beam arranged along the radius of the rotating target, where the
focal spot of width L has the length of at least the target radius (Figure 12c). The center of one
focal spot side coincides with the target rotation center O, and the axis of symmetry coincides
with the target radius (Figure 13). At a first glance, it may appear that it is a simple and effective
solution, because ablation of the target material will occur from the entire surface. But the
quantity of the substance evaporated from a unit area is proportional to the energy passed on
it. The sites of focal spot closer to the target center will affect (per single round) a smaller area
than those residing far from the center. Consequently, the target material at its center will be
consumed faster than at periphery.

Let a laser beam fall onto the rotating target, which has the form of a disk with radius R and
thickness h,, forming the rectangular focal spot of width L arranged along the target radius. In
time £,, the target executes N revolutions and the laser burns a hole at the center of the target.
How much of target volume is ablated in this case?

According to Figure 13, one should consider two domains of the target surface: inside the circle
of radius L/2 and outside it [10]. When the target rotates at a constant angular velocity w, all
the points inside the circle of radius OA = L/2 are exposed to laser radiation during half the
process duration (t,/2), because for these points the focal laser spot is a semicircle. In other
words, inside the rectangular focal spot of width L the trajectory of any point residing closer
than L/2 to the center of rotation (point O) is a semicircle. For example, point D on the target
surface is subjected to laser radiation as long as it follows semicircle DF (Figure 13). Point B
residing at a distance longer than L/2 is subjected to laser radiation until it reaches point C
having passed the arced path BC.

Y

A —Y,
B

Figure 13. Scheme of the rectangular focal spot directed along the radius of the rotating target [10].
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By denoting the rate of target evaporation o (the thickness evaporated per unit time), from the
condition of burning the target to a throughout hole, we may write

The points of the target surface outside the circle of radius L/2 at a distance r from the center
are exposed to laser radiation during the time interval At (a single revolution of target) so that
after N revolutions the target thickness reduces by the value,

h = oAtN = oN|BC|/v = oN|BC|/(wr), )

where v is the linear speed of point B,

BVC| = 2ra = 2r x arcsin(L/2r) is the length of arc BC,
and w = 21N /t,.

Then at r > L/2, the reduction of the target thickness will be

b 2hgare sin (L / 2r) 3)
T
Dependences of h(r) for various L are given in Figure 14. For the points 0 <7 < L/2, we obtain

h = hy. The volume of the ablated target material is determined by the rotation of curve h(r)
around axis h:
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Figure 14. Target thickness /1 versus radius r under PLD in the rectangular focal spot geometry [10].
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where h; = [Zhoarc sinL/ZR]/n and &, = hy. This entails

L Lz 1/2
V =2hyR?arc sin (ﬁj + hOLR[l - W] : )

One can see that the volume depends on three parameters: the target height I, the target radius
R, and the width of the laser beam L. Because the value of the target material utilization
efficiency is 1 = V/V,, where V, = 1th,R? is the target volume prior to ablation, in view of
Eq. (5), we obtain

; 2 1/2
n =| 2arc sin[E]+LR_l[l——] P 6)

The value of 1 depends only on two parameters L and R. Dependences of n(R) for various
values of L are shown in Figure 15. One can see that at a fixed parameter R, the volume of the
ablated part of the target is greater at longer L.

Figure 15. Target utilization efficiency versus target radius at various laser beam spot widths [10].

The expression for the target material utilization efficiency may be simplified. By introducing
the parameter k = /R, we may write Eq. (6) in the form

n= {2arcsin(k 12)+k(1-# /4)”1;;‘1 @)

Recall that the calculations are performed for the case R > L/2. At 0 <R < L/2, the equality n =
1. Figure 16 presents the dependence 7(k).
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Figure 16. Target utilization efficiency 1 versus k. The dashed line refers to approximation [10].

Orne can see that at k <1, it is well approximated by the straight line according to the formula

7 =0.004+0.617k ~ 0.6k ®)

Thus, we have the simple expression for target utilization efficiency with a sufficiently good
approximation. Obviously, for experimentally actual values of L and R where k <1, the value
of n will not be greater than 0.5.

Note that the method suggested in patents [10, 11] has a similar drawback. The cycloidal
trajectory described by the focal laser spot on the surface of the target arising due to the rotation
around two parallel axes will also result in more intense material evaporation from the central
part of the target and reduced utilization efficiency.

4.3. Focal spot in the form of a sector

The consideration of the problem stated above suggests its cardinal solution. In the range 0 <
R < L/2 where the focal spot is a semicircle, the equality i = 1 holds. But a semicircle is the
particular case of a sector with the angle of 180°. The scheme of the modified PLD method is
shown in Figure 17, which simply and cardinally solves the problem on the maximal utilization
of the target material. The laser deposition installation is suggested, which differs from
ordinary devices by a simple optical system placed outside the deposition chamber. It
comprises two lenses and a diaphragm and provides the focal spot in the form of a sector on
the target surface.

If such a focal spot coincides with a sector-shape area on the target surface and the density of
energy is uniform over the focal spot, then the surface of the uniformly rotating target will be
uniformly irradiated, which will provide a uniform material ablation from the surface.
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The device suggested was employed for depositing CuO and YBa,Cu;0,, films from the
targets 10 mm in diameter by the pulses of second harmonic radiation of the Nd*:YAG laser
with the repetition rate of 20 Hz. The optical system provided the focal spot of laser radiation
on the target in the form of the sector with an angle of 60° and the energy density of 4 ] cm™.
Variations in the target thickness were within #2% both before deposition and after five
deposition cycles lasting for 45 min. One may assert that the device suggested enhances the
target material utilization efficiency up to n=1.

Figure 17. Geometry of the PLD method with the focal spot in the form of a sector: (1) laser, (2) optical system, (3)
diaphragm with a hole, (4) deposition chamber, (5) target, and (6) laser focal spot in the form of the sector coinciding
with the sector of the rotating target surface [10].

5. Deposition onto ribbon

A method of PLD of thickness- and composition-homogeneous thin films on a translationally
moving ribbon of up to 100 mm-width is proposed [11]. The peculiarity of the method is in the
matter deposition via a mask placed in vicinity of the substrate. Two configurations of mask
slits providing for the thickness homogeneity of films are considered. Exact dimensions of the
mask slits are calculated using the data of an angular distribution of mass transfer in a plasma
torch.

5.1. The geometry of the proposed technique

The geometry is shown in Figure 18. The laser beam (2) is incident at the target (1). The mask
(4) and translationally moving substrate (5) are placed perpendicularly to the axis of the plasma
torch. The arrow shows the direction of the substrate displacement.

In order to provide an equal thickness of the film deposited onto the uniformly moving
substrate, the following condition should be met: equal amounts of the substance must be
deposited per unit time on a unit length section placed along the direction of the substrate
displacement and this condition should be satisfied over the entire width of the substrate.
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Taking into account the peculiarities of angular distribution of the mass-transfer rate in the
plasma torch [6], we propose two configurations of the slit in the mask (Figure 19). In both
cases, the plasma torch axis passes through the geometrical center of the mask. The displace-
ment of substrate occurs in the x-direction. The dashed line in Figure 19a indicates the line
along which the mass-transfer rate of the deposited matter is constant. A rectangular slit (or
slits) curved along dashed line provides, obviously, the uniformity of the film thickness. The
second configuration of the mask (Figure 19b) takes into account the fact that the angular
distribution of the mass-transfer rate in the plasma plume is given by the function

F(8) = A- cos™(8) [6], that is, the greater is the angle 8 (Figure 18), the lower is the mass-transfer
rate; thus, in order to provide the uniformity of the film thickness over the substrate width,
the greater should be the width of the slit in the mask.

Figure 18. Geometry of deposition onto a moving ribbon.

Figure 19. Configurations of slits in the mask.

5.2. Calculation of the configuration of slit in the mask

We now give a method for calculation of the configuration of the slit in the mask (Figure 19b)
providing the thickness homogeneity of the film deposited onto the substrate moving trans-
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lationally at a constant velocity. The width of the slit d(y) is determined from the relation
d(y)A(y) = const, where A(y) is the average thickness on the section d(y) of the film deposited
on the resting substrate per unit time. The quantities A(y) are determined from the experi-
mentally determined function D(x,y). The angular distribution of the ablated material depends
onmany factors. In our experiments, we tried to change only one parameter, leaving the others
unchanged. We chose the laser spot dimensions (S) and the laser fluence (F) as variable
parameters. The values of these parameters and the obtained films relative thickness are
listed in Table 1. The data of films thickness are fitted by the function D(x, y) = Acos™ *3(0,)
cos™*3(6,). The used designations are clear from Figure 20. The obtained values of parameters
A, p, and p, are presented in Table 2. Now, it is possible to initiate calculation of the configu-
ration of the slit.

No. F, J/em? Spot dimension, D(0 =0)?,
mm? a.u.

1 53 0.205 68

2 76 0.205 83

3 97 0.205 84

4 55 0.361 103

5 18 111 157

6 9.9 2.02 127

7 6.2 3.2 76

2Obtained films relative thickness at 6 = 0.

Table 1. Variable parameters of a laser deposition.
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Figure 20. Schematic of deposition geometry. S is the laser spot.
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No. A p.+3 p,+3 x= Area of a VP, a.u.
slit, cm?

1 66.83 8.45 5.8 2.58 24.76 713

2 80.13 8.2 5.3 4.46 26 925

3 80.28 7.09 431 5.7 30.39 1220

4 107 7.8 45 6.71 28.11 1403

5 147.33 10.03 5.23 6.67 22.24 1219

6 117.51 11.55 7.69 4.99 18.25 700

7 76.22 12.84 6.86 0.96 16.56 340

o= %Z{V: 1(f(xi' v;)~ Zi)z'

*Volume of a matter deposited on the ribbon through the mask in a unit time.

Table 2. Parameters of a function D(x, y) and corresponding uniform deposition slit.

If the origin of the coordinates is located at the point that corresponds to 6, = 6,=0, and a value
Xo Y, is chosen (where y, stands for the half-width of the ribbon and x, is determined so that
the film thickness is not too small), then the amount of the matter deposited on the segment
[(-xo ¥o), (X4 ¥o)] in @ unit time will be given by the expression

+Xx;

m = pdy J- D(x,y)dx 9)

Xy

where D(x, y) is the thickness profile of the film, p is the matter density, and dy is the width of
the section. The thickness profile of the film deposited from a point source on a stationary
substrate is usually determined by expression D(0) = Acos?*3(0) [8]. However, when the focal
spot has real sizes that differ in different directions, an asymmetry of function D(0) is observed.
In this case, the profile of the thickness of the film can be described by the expression

po+3 py+3
h h

\/hz +x° \/h2 + y2 1o

D(6)= AcosP+ ™+ (6’x)cosp~"+3 (Hy) =4

Upon substitution of Eq. (10) into Eq. (9), we shall receive an equation for the amount of matter
m(y) deposited in unit time on the segment [(-x, y), (x, y)] for any value of y. From the require-
ment that m(y) is constant for all y from -y, to y, and equals m, it is possible to determine the
values x(y) at which this condition is fulfilled:
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Py +3

+X +3 0
"y == p"’ymwﬂ] ) (1)

The function x(y) will determine the profile of a slit that provides uniform deposition of matter
on the ribbon. At uniform translation of the ribbon with speed v, the thickness of the film D
will be determined by the expression

+Yo+Xo pet3 pyt3
A h h
D=——- —_— —_—— dxdy (12)
2y,v [ 12 4 2 ] lhz +y2

The computer calculation of the configuration of the slit has been performed. The results are
presented in Figure 21.
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Figure 21. The calculated slit configuration for deposition No 5.

6. Deposition of very large-size films

We have developed special techniques for depositing thin films on rotating disks and trans-
lationally moving ribbons. In this paragraph, we propose new solutions, which imply more
than one target for deposition, allowing in case of a rotating substrate to shorten the deposition
duration and in case of a ribbon to increase the ribbon width or the speed of depositing a film
of the same thickness [12].

To reduce the deposition time for films on substrates of very large size, one can modify the
above-described way (see paragraph 2.3.) as follows: use several targets instead of one and
scan a laser beam over them, applying target after target for deposition. If the laser pulse
repetition rate increases in correspondence with the number of targets, the deposition from
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each target will be performed at the same frequency as in the case of one target. Each target
must have its own diaphragm, moving simultaneously with the target at a velocity V=const/r.

Suppose we are going to use N targets to deposit a film on a substrate with a radius R.
Obviously, the targets must be located with respect to each other and with respect to the
substrate in such a way as, having started deposition from all targets simultaneously and
moving each target at a velocity V = const/r, to deposit a film on the entire substrate surface
and finish deposition from all targets simultaneously. It can be shown that, to deposit a film
of uniform thickness on a substrate of radius R, the N targets must be initially located so as to
provide a distance X(t)) = R(I-1)"*(N)* from the substrate center (Figure 22) to the point of
intersection of the perpendicular dropped from the first target with the substrate plane.

1 - substrate, 2 - substrate
rotation axis, 3 - laser beam,
4 - target, 5 - diaphragma,
6 - plasma torch.
V=const/R

=1 =2 =3

Figure 22. Moving N targets.

Figure 23. Moving ribbon, N targets: 1, ribbon; 2, plasma torch; 3, target. (a) N times acceleration of sputtering process,
(b) deposition on N time wider tape.

We can use more than one target also in the mask method (paragraph 3.2.3). Certainly, we can
use more than one target as described in paragraph 5 designs for deposition on a moving
ribbon. Using N targets, we can accelerate sputtering process N times (Figure 23a), or obtain
a film on the tape which is N times wider (Figure 23b).
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7. Conclusions

We believe that the main result of the present work is the proposal and realization of a simple
and reliable method of obtaining thickness- and composition-uniform thin films on large areas,
with the use of laser deposition. The mask method of deposition on a rotating substrate can
be used at any standard arrangement. The size of the obtained films and achieved degree of
the thickness uniformity are not limiting. In any specific case where the permissible degree of
the thickness nonuniformity is given, one may calculate the slit configuration providing the
maximal rate of the deposition.

The new device for laser deposition of thin films is suggested, substantiated, and experimen-
tally tested, which simply and cardinally overcomes the main drawback of the PLD method,
namely a low coefficient of the target material utilization efficiency. Taking into account the
advantages of laser deposition as compared to other methods of the manufacture of thin films,
we hope that the proposed methods will be used in elaboration of new technologies in
microelectronics and optical industry.

A more detailed description of the proposed methods can be found in patents [13-20]. Apart
from PLD, the proposed methods are applicable to all methods of deposition from a point
source.
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Abstract

In the last two decades, pulsed-laser ablation has received attention from researchers in
micro- and nanotechnology. During the development of laser ablation in materials
processing, several media, such as vacuum, air, gases and liquids, have been used to
improve the quality and quantity of laser machining and production of nanoparticles.
The laser-ablation environment is important in order to control the average size and
chemical compositions of nanoparticles. Conducting the laser-ablation process in liquid
environments has become of increasing relevance for the production of precise and pure
micromachining and nanomaterials. In addition, deionised water has been found to be
the optimal environment to produce nanoparticles for bioapplications.

Keywords: laser ablation, vacuum, air, liquids, gases, nanoparticles, ablation mecha-
nism, productivity

1. Introduction

Different pulsed-laser ablations of the solid target materials have shown great potential in the
fields of laser-material microprocessing, nanotechnology and device fabrication. To develop
the quality and quantity of micro- and nanomachining, laser ablation of materials has been
carried out in different environments, such as in a vacuum [1], in air [2], in gases [3] and in
liquids [4] for different applications such as welding [5], cladding [6], cutting [7], cleaning [8]
and generation of nanoparticles.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) g
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Although some laser beam parameters such as laser fluence, wavelength and pulse duration
are important for controlling material processing, the ablation environment is also an impor-
tant factor in laser-material interaction. For example, Zhu et al. [9] concluded that the ablation
rate of a Si target material is greatly enhanced by using a water confinement regime (WCR) at
laser fluence ranges from 2.0 to 5.0 J/cm? They also found that in water, the first peak-to-peak
amplitude of the acoustic waves is approximately 25% higher than that in an ambient envi-
ronment. Besner et al. [10] used a femtosecond laser for ablation in a vacuum, air and water
for surface modifications; they showed that the threshold values of the Si and Au target
materials were almost identical in all three environments. The values of Si in the single and
multi-pulse irradiation regime were 0.4 and 0.2 J/cm?; for Au, their values were 0.9 and 0.3 J/
cm?, respectively. Patel et al. [11] showed that the laser-ablation process is more efficient in
water than in air, which depends on the thermal properties of the materials. It was also
concluded that laser-ablation production in water is more suitable for the production of
uniform nanoparticles and the mass production of nanoparticles. In addition to the aforemen-
tioned environments for laser ablation, Lindley et al. [12] studied the laser-ablation plume of
an aluminium target material in a plasma environment, as well as in a vacuum and argon gas.
It was concluded in this study that the laser-ablation plumes in the plasma expand and
dissipate slightly faster than in the gas and the vacuum. Igbal et al. [13] showed the effects of
the laser fluence and ablation environments (vacuum and hydrogen) on the micro- and nano-
structure of a Ge target material. It was shown in their study that the formation and growth
of laser-induced periodic surface structures (LIPSS), cones and micro-bumps strongly de-
pended on the laser fluence and environmental conditions. Hence, the growth, size and shape
of these structures strongly depended on the laser fluence.

In this chapter, a critical comparison of laser ablation in different environments such as a
vacuum, ambient air, different liquid environments and different background gases is
presented. The optimal medium and laser-beam parameters for laser ablation will be desig-
nated.

2. Laser-material interaction

During laser-material interaction, the product materialises directly after laser irradiation onto
the surface of the solid target material by condensing the plasma plume. After laser-pulse
deposition onto the surface of the target material, the laser-pulse energy will heat the target,
leading to an increase in the temperature of the materials. The temperature propagates in the
axial and radial directions in a specific area. In the case of a perpendicular laser beam on a flat
target material, the temperature propagation as a function of time (t) and depth (x) can be
written as follows [14]:

t . X
AT(x,t)—Z(l—R)al()[ﬁkp[:}le;fc[m} (1)
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where t, R, a, I, k, p and c are irradiation time, reflectivity, absorptivity, spatial distribution of
laser intensity, thermal conductivity, target material density and velocity of light, respective-
ly. When x > 2y/kt /pc the surface temperature can be simplified as follows:

2al i

Tk pc @

AT(t)=

Two main things which have an effect on the laser ablation of materials are: laser-beam
parameters such as laser fluence, laser wavelengths and laser-pulse duration, and factors in
the experimental set-up, such as the type of environment and the solution. Laser-ablation
mechanisms and their products are different depending on whether the laser-material
interaction is produced by nanosecond, picosecond or femtosecond lasers [4]. In the laser-
ablation process, groove width and depth are two important factors with which to characterise
the results (see Figure 1) [15].

Groove
HAZ  width
B ————=0

Groove
depth

HAZ

Figure 1. Groove width, groove depth and heat-affected zone of a laser-ablated material target.

Laser ablation in the target material occurs when the laser intensity reaches its threshold value.
The laser-intensity threshold for material removal (I;,) can be written as follows [15]:

_ 2
1,=1, exp( fﬁ”} 3)

b

where I, G,, and d, are laser-beam intensity, groove width and laser-beam diameter, respec-
tively. This equation can be written as follows:

B
1) (2G:
ol %)
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where f is an empirical coefficient which may be added to the formula due to some effects,
such as recoil pressure, plasma-shielding effect, dynamics of vaporisation and multiple
reflection of the laser beam in the cut channel. Thus, the groove width (G,) equation can be
written as a general equation as follows:

42 / B
G, = ||| 2= )
2| 1,

As shown in the following equation, the predictive model for groove depth (G,) can be
calculated based on ‘Furzikov’s study and the b coefficient applied to the logarithmic function
of the laser intensity ratio’ [15]:

(1 [ T 17"
G,=|y—|—+ b In—= 6
d I:}/\/;(a N Ji| |:nlrh:| (6)

where y is another empirical coefficient, A is the laser wavelength, # is the refractive index of
the target material, a is the absorption coefficient of the target material, k is the thermal
diffusivity of the target material and v is the laser-traverse speed. The last empirical coefficient
(y) is related to the degree of laser absorption and plasma formation in different environments
such as air, water and ethanol, in which their penetration depths to produce a cut are different.
In polymethyl methacrylate (PMMA) the approximated values of the refractive index #,
absorption coefficient & and the thermal diffusivity k are 1.4827, 500 cm™, and 1.073 x 07 m?/s.
The HAZ formula can be written as [15]:

/B
d? / G
G,,=,-2In| = - 7
HAZ 3 { (lm ]:| B @)

The groove formed by laser ablation of a Si target material in air and water is quite different.
In water, the hole edge is very smooth, but in an ambient environment, the hole has bumps
with a height of 3.6 mm. In addition, the hole diameter in water is larger than that in air, and
the hole depth in water is several times greater than in air [8]. Figure 2 shows the laser-ablated
groove profile of a Silicon target material ablated in air and in water [8].

The ablation depth increases with increasing laser power, reducing spot size and decreasing
scan speed [7]. In addition, the ablation rate significantly decreases with the depth of the hole
[16].

During laser ablation, some of the laser energy will be lost in the ablation environment before
it reaches the target material. The ratio of loss is higher in water than in air and in air, it is
higher than in a vacuum. As shown in Figure 3, under the same laser-beam parameters the
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energy lossin air is higher than that in a vacuum. This is because for laser ablation in a vacuum,
laser-induced air breakdown and ionisation do not exist; in addition, the ejected energetic
electrons freely diffuse in the vacuum. The absorption of the laser beam which causes laser
energy loss in the vacuum may only be caused by hot electron. Furthermore, absorption rate
in a vacuum is very low because the collision frequency is low and the electron density is small
[17]. In contrast, in air, laser-induced air breakdown does exist; as a result, laser absorption is
increased. In water, laser absorption will be increased considerably due to the water level above
the sample.

W— —_— 20 —
() in air (b) in water ]
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Figure 2. Laser-ablated region profile of a Si target after 1000-pulse irradiation in air (a) and water (b).
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Figure 3. Pulsed laser-beam energy loss during laser ablation of aluminium target materials in air and in a vacuum.
Laser wavelength (1) was 800 nm and laser pulse duration (7) was 100 fs.
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3. Laser ablation in a vacuum

Laser ablation has been used in a vacuum using a vacuum chamber. A vacuum chamber is an
empty rigid enclosure free from air and any gases, which are removed using a vacuum pump.
As a result, a low-pressure environment is produced in the chamber. Laser ablation in a
vacuum has been used to avoid any contamination during laser-material processing.

Laser-material interaction in a vacuum produces plasma at the surface of the target material,
which expands considerably in the vacuum chamber [18]. An important factor in pulsed-laser
ablation in different environments is the surface temperature of the target material. Figure 4
shows the temporal variations of the surface temperature (T,,) and equilibrium vapour
density (n,) above the surface of a bulk flat material of pure niobium (Nb) in a vacuum chamber
at a base pressure of 10”° Pa. The target material was irradiated using a Nd:YAG laser pulse at
the 1064 nm wavelength. It can be noted that the maximum values of both T, and n, were
reached at 0.3 7, (4 ns) at the maximum laser pulse [19]. It is worth mentioning that the
temperature profile is not only a function of the laser-beam parameters but is also a function
of the type of target material.
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Figure 4. (a) The surface temperature, T,, (b) equilibrium vapour density, n,, as a function of time and (c) irradiated
pulsed laser.

The temperature profile of laser-material interaction in the vacuum can also be shown as a
function of plume density. Figure 5 shows the temperature-density phase diagram of an
aluminium (Al) foil target material irradiated by a femtosecond laser (wavelength: 800 nm and
pulse duration: 100 fs) in a vacuum chamber at a backing pressure of 107 mbar [20]. The
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corresponding temperature (T) of the plasma from which the ions originated, which were
estimated for the IR and UV laser wavelengths, is about 10° and 10° K, respectively [18].
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Figure 5. Diagram showing temperature as a function of plume density of Al foil target material irradiated by a femto-
second laser in a vacuum. The solid line represents the thermodynamic path of the Al absorbing volume (at a laser
fluence of 400 mJ/cm?). The dashed line (binodal) is the location of liquid-gas equilibrium states and the dotted line
(spinodal) curve defines the limit of the homogenous phase. (a) and (b) are a particular case representing the physical
conditions reached by the Al plume about 5 and 7 ps after the 100-fs beings laser pumping, respectively. (c) indicates
the critical point.

After laser-material interaction in the vacuum, the debris materials from the expanding plume
have different speeds. The temporal profile of the emission intensity for nanoparticles and
atoms, measured 5 mm from the surface of the target material at a laser fluence of 0.8 J/cm?,
shows that the light atoms fly faster than the nanoclusters or nanoparticles. It is shown that
the average velocities of the nanoparticles and atoms are about 12 x 10* and 1 x 10° m/s,
respectively [20]. Time-of-flight (TOF) measurements showed that the average velocity of the
ion emission from a Cu material target in a vacuum by infrared (IR) (1064 nm wavelength) and
ultraviolet (UV) (308 nm) are different and about 4.7 x 10* and 2.3 x 10* m/s, respectively [18].

The ablation depth (ablation depth per pulse) and emission yield as a function of the laser
fluence at low and moderate laser fluence (about 150-500 m]J/cm?) show logarithmic depend-
ence. On the other hand, at higher laser fluence (>500 mJ/cm?) the laser ablation sharply
increased [20]. The laser ablation threshold in terms of the laser power density at 1064 and
308 nm laser wavelengths are about 7 and 3 J/cm?, respectively [18].

In the vacuum, it was shown that the nanoparticles are directly generated from the target
material by phase explosion. The condensation processes in the gas phase in the first stages of
the plume expansion is not a means of producing nanoparticles in the vacuum [20]. It has been
shown that during femtosecond laser interaction with tungsten to produce nanoparticles in a
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vacuum, the atomic plume emission acquired about 400 ns, but the nanoparticle plume
acquired about 100 ps after the ablating laser pulse [21].

4. Laser ablation in air

Another environment that has been used in laser-material processing is air. In general, air is
the name given to the Earth’s atmosphere. In the case of these experiments, it means that laser
ablation will be carried out in an environment in which about 78% is Nitrogen (N) and 21% is
Oxygen (O). Laser ablation in air plays a substantial role in deep holes but has a low effect on
initial surface ablation rates [16].

In general, ablation rate depends on laser fluence, repetition rate and the number of laser pulses
[22]. It has been shown that the ablation rate in air at a laser fluence of less than 5.9 ] cm™
sharply increases and then slowly increases up to 40.7 ] cm™; after this point, the ablation rate
decreases. The ablation rate also drops at a high repetition rate. The drop in ablation rate in
both cases is thought to be due to attenuation of the laser energy caused by particle and plasma
shielding, produced due to interactions with the remaining laser-generated particles on the
ablated crater [22]. The ablation rate at reduced pressure in air shows that the averaged ablation
rate increases with decreasing pressure from 1000 to about 250 mbar, regardless of the laser
fluence and type of target material [23].

5. Laser ablation in background gases

Laser ablation in different background gases such as He, Ne, Ar, Kr, Xe and N, has been used
to improve the cutting-edge quality of laser ablation [24]. Heavier background gases produce
a slower expansion, or more confinement of the vapour plume [3]. The gas environment has
an effect on ablation efficiency. The improvement in laser-machining in different gases has been
found to correlate to their potential ionisation [25].

As shown in Figure 6, the surface temperature increases due to the laser (photon) influence to
a maximum of about 7000 K at 8 ns. This corresponds to the maximum laser irradiance time
profile. When the laser pulse is finished, the surface temperature reduces sharply to about
3000 K after 20 ns, after which point, it gradually drops to about 1100 K at 100 ns. It has been
shown that the maximum surface temperatures for He, Ne, Ar, Kr and N, are 7088, 7062, 7036,
7025 and 7037 K, respectively. It can be concluded that the surface temperature increases
slightly with decreasing mass and increasing ionisation potential of the background gas [3].

Concerning the generation of nanoparticles in a background gas, Nichols et al. [26] produced
Ag nanoparticles by laser ablation in argon, nitrogen and helium at a variety of gas pressures.
It was concluded that by selecting an appropriate gas type and pressure, Ag nanoparticles can
be produced and controlled in the range of 4-20 nm. In addition, the smallest Ag nanoparticles
(with a mean diameter of 5 nm) were produced in helium gas at 1 atm and below, and the
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Figure 6. Calculated surface temperature (T, and laser irradiance-time profile as a function of time (t) for a laser of
266 nm, with 5 ns, and an irradiance of 1 GW/cm?.

largest nanoparticles (with a mean diameter of 19 nm) were produced in nitrogen gas.
Furthermore, the average size of the nanoparticles increases with increasing molecular weight
of the gas. The kinetic energy of the ablated atoms in a gas background and the width of their
angular distribution has also been found to decrease with increasing ambient pressure [27].

6. Laser ablation in liquid environments

The use of pulsed-laser ablation at the solid-liquid interface was first reported by Patil and co-
workers in 1987 to produce a metastable form of iron oxide from a pure iron target material
[28]. Laser ablation in liquids has been used to produce nanoparticles as an alternative to
chemicals because ablation in liquid is considered a cleaner environment in which to produce
nanoparticles. Different liquids have different effects on the production of nanoparticles. For
example, laser ablation of a Tin (Sn) target in water produces polycrystalline tin dioxide
(5n0O,) nanoparticles, while ablation in ethanol produces single crystals of tin coated with tin
hydroxide (Sn(OH),) nanoparticles [29].

The generation of nanoparticles in different solutions, particularly in pure water or deionised
water, has received much attention from researchers in the field of nanoparticle generation
because pure water is a suitable environment for the synthesis of nanoparticles and is free from
any contamination.
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Many number of research studies have been published on the production of several types of
nanoparticle using laser ablation in deionised water [30-36], sodium dodecyl sulfate (SDS) [35,
37-40], acetone [41, 42], ethanol and ethylene chloride [33, 43, 44], polyvinylpyrrolidone (PVP)
[45, 46] and liquid nitrogen solutions (LN) [47]. Both pulsed-laser beams [31, 33, 36-39, 47] and
continuous-wave (CW) laser beams [30, 48-56] were used to produce nanoparticles.

It has been shown that the ablation rate of Si varies with the water level above the target
material. It has been concluded that the laser-ablation rate can be considerably enhanced by
using a water level of 1.1 mm [57].

Laser ablation of solids in liquids is an effective technique with considerable potential in the
generation of nanocrystals, which allows multilateral design through choosing appropriate
solid target materials and confining liquids [58]. The response of different liquid solutions in
the generation of nanoparticles varies considerably. Considering the generation of ZnO
nanoparticles by laser ablation, in a cetrimonium bromide (CTAB) solution, the highest
ablation rate and highest crystallinity of nanoparticles were observed. The largest nanoparti-
cles were produced in acetone. In addition, in a CTAB solution, the morphology of ZnO
nanoparticles changed. However, the number of Zn@ZnO core-shell nanoparticles was found
to be larger in CTAB and SDS. In general, cationic surfactants have been found to considerably
change the shape of ZnO nanoparticles. The morphology of ZnO nanoparticles in SDS, acetone
and water was found to be spherical, while in CTAB was spindle-like [59].

7. Comparison of laser ablation and nanoparticle production in different
environments

Conducting laser ablation in different environments leads to different ablation mechanisms,
ablation rate, ablation profile and efficiency. In addition, laser-generation of nanoparticles in
various media produces different nanoparticles in terms of their morphology, size and size
distribution. In the following sections, the compassion of laser ablation and nanoparticle
production in different environments in terms of ablation mechanism, ablation rate, ablation
efficiency and their differences and advantages will be presented.

7.1. Ablation mechanisms in different environments

Laser ablation is an important process in laser-material processing to obtain precision ma-
chining or to produce controllable nanoparticles in terms of size, size distribution and
morphology. The laser-ablation mechanism various in different environments; for example, in
the case of laser ablation in a liquid environment, when a target material is irradiated in a liquid
environment by a pulsed laser, the laser energy will be absorbed by the target, which heats it,
causing the target to reach melting temperature and evaporation. As a result of this, the
material will be ablated from the surface of the target into the liquid solution, and finally
nanoparticles are produced as a result of condensation and nucleation. The water level above
the sample has different effects on the laser ablation: the main effect is decreasing the laser
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power for some laser wavelengths, such as at 1064 nm. Furthermore, the focal length will
change as it passes through the liquid medium.

In femtosecond-laser ablation of an aluminium target material, it has been shown that the
ablation (material ejection) mechanism and shock-wave evolution are different in water and
in air. In the case of a liquid environment, the ejected materials are confined to a small area
near the surface of the target material. Furthermore, the liquid media significantly decreases
the velocity of the shock waves close to the velocity of sound within nanoseconds, decelerating
slowly afterwards. However, in the case of air, the ejected material can propagate away from
the target material with a low resistance within the shock waves [60]. Different liquid envi-
ronments such as deionised water and methanol produce different sizes of nanoparticles in
laser generation of nanoparticles [61]. Small Au nanoparticles were produced by pulsed-laser
ablation in sodium dodecylbenzene sulfonate (SDBS) in comparison with those produced in
sodium dodecyl sulfate (SDS) surfactant due to SDS having smaller molecules than SDBS [62].

There is a considerable difference in the ablation mechanism and thermal damage of laser
ablation in air and in water. No thermal damage has been observed in a water environment,
whereas considerable thermal damage has been documented in air. Thermal damage has been
found to increase with an increase in the number of laser pulses. In addition, in the case of
machining in air, the ablated surface is smooth, while in the case of underwater machining,
the surface is rough. In the later case, the surface shows molten materials rapidly solidified
with a dendritic structure. Consequently, the ablation depth is more affected by laser fluence
in the case of underwater machining than in ambient air. In contrast, at low laser fluence, the
ablation depth is significantly higher in ambient air than in water [63]. All these differences
are due to the use of different ablation mechanisms in different environments.

In a vacuum, the time taken for energy to be transferred from the bulk target material to the
surface, which produces the high-energy tail, exceeds other characteristic timescales such as
surface cooling time and the electron-ion temperature equilibration time. In air, the interaction
between the gas atoms and the surface significantly reduces the lifetime of this non-equilibrium
surface state, which allows thermal evaporation to take place before the surface cools. The
ablation threshold in air is lower by half than that in a vacuum. This is because in air, after the
laser pulse, thermal evaporation is responsible for the lower ablation threshold, while in a
vacuum, the threshold corresponds to non-equilibrium ablation during the laser pulse [64].
The plasma produced in air was found to be much hotter and denser than that produced in a
vacuum [65]. It was shown that the breakthrough times of laser ablation for drilling in a vacuum
are slightly lower for stainless steel and much lower for aluminium than in air. In addition,
shorter laser pulses in the range of 150 fs to 20 ps drill faster than 500 ps pulses [16].

It has also been shown that the dynamic process of femtosecond laser ablation of silicon (Si)
in a vacuum is considerably different from that in air. In the case of the laser ablation in air at
under 1 x 10° Pa, all the expected processes, such as the shock-wave front, the nearly concentric
semicircular stripes and the contact front were observed, while in the case of laser ablation in
a vacuum, these phenomena were not observed. In addition, another significant factor in the
dynamic process of femtosecond laser ablation is the ambient air around the target, which acts
as an effective heating dissipation factor and a stagnation force [66].
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7.2. Ablation rate in different environments

The rate at which materials are ablated is also different in different environments. This may
be due to different ablation mechanisms and ablation thresholds. Ben-Yakar and Byer [67]
showed that in the case of single-shot laser ablation, the ablation threshold in air is lower than
that in a vacuum. The reason for this may be due to the modified absorption process because
air may accelerate the ablation chemistry; due to air resistance, the hot plasma expands at a
slower speed in comparison with that in a vacuum. On the other hand, in the case of multiple
laser pulses overlapping, the resulting incubation effect reduces dependence on the processing
environment.

In air, ablation rate decreases with ablating deep holes because of the non-linear effect. The
non-linear effect of laser ablation in air is due to localising the laser beam. This means that
ablation products cannot escape the holes, which causes self-focusing of the laser pulses even
at a power less than the critical power for self-focusing in ambient air. Based on these effects,
it has been shown that the ablation efficiency in air is slightly higher than that in a vacuum
(0.51 and 0.43%, respectively) [67].

The effects of using a buffer gas on the ablation rate of Ti, W, Fe, Cu and Mo target materials
at different fluencies have been studied. In general, the effect of He gas at 1000 mbar and air
at 1 mbar is quite similar, so in both cases, the averaged ablation rate slightly increased; this
effect is more acute with increasing laser fluence. In the case of Ar gas, the average ablation
rate decreased because the absorption of the laser beam by the plasma is more considerable in
comparison with this in He or in ambient air. This effect was found to be independent of the
laser fluence. As a result, ‘more absorption of the laser energy reaching the sample necessarily
implies that less sample is vaporized’ [23].
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Figure 7. (a) The ablation rate of Ag and Ti target materials as a function of laser fluence at a fixed water level (2 mm),
and (b) as a function of water level at a fixed laser fluence (0.22 J/cm?).

Figure 7a shows the ablation rate of Ag and Ti target materials as a function of laser fluence
in deionised water at a fixed water level above the targets. A picosecond laser at A = 1064 nm,
f=200kHz, v=30mm/s, t=1/2 h and a laser spot size =125 pm was used to ablate the materials
in deionised water. At lower laser fluencies, the ablation rates of both samples increased
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slightly, but at higher laser fluencies the ablation rates decreased. It can be seen that the ablation
rate of the Ti target decreases significantly when the laser fluence increases above 0.15 J/cm?.
This is because of the reduction in laser pulse energy reaching the target material, which occurs
after increasing laser-beam absorption and scattering due to higher plasma/plume density [4].
The ablation rate of the nanoparticles in liquid environments is also a function of the scan speed
of the laser beam. This decreased with an increase in scan speed because at the beginning,
higher scan speeds produce a high amount of nanoparticles, leading more nanoparticles to
disperse in the solution, which rapidly prevent the laser pulse energy from reaching the target
material. In other words, at high scan speeds, there is not enough time for nanoparticles to
disperse in the solution, but at low scan speeds, there is enough time for nanoparticles to
disperse, allowing the laser energy to reach the target almost completely. It has been shown
that nanoparticles produced in deionised water would travel towards the laser beam which
causes the laser beam to scatter and prevent it from reaching the target material [68].

In the case of laser ablation in deionised water, the ablation rate of materials (Ag and Ti targets)
decreased as the water level above the samples increased at fixed laser fluence. Broadly
speaking, the ablation rate decreased with increasing water level and the rate of decrease of
Ag was found to be faster than that of Ti. It was also shown that the amount of Ag materials
or nanoparticles ejected was greater than the amount of Ti nanoparticles (see Figure 7b) [4].

Recently, Hamad et al. [69] produced nanoparticles in ice water by picosecond laser ablation;
it was shown that the ablation rate in ice water is lower than that produced in deionised water
because of the higher attenuation coefficient and absorptivity of the ice water (frozen deionised
water) to the laser-beam wavelength in comparison with unfrozen deionised water. The ratio
of the ablation rate in ice water and deionised water was about 1:3.

7.3. Ablation efficiency in different environments

It was expected that the ablation efficiency would be lower in a vacuum than that in air because
in a vacuum less work is required for the hydrodynamic expansion of plasma in a non-resistant
environment. However, alarger groove diameter can be obtained in air because the single-shot
ablation threshold is lower in air. In addition, the ablation volume is slightly higher in air than
in a vacuum because the ablation depth is determined by the optical penetration depth, which
is independent of the processing environment [67]. The non-linear dependence of the ablation
rate or productivity on the laser fluence in a vacuum with femtosecond-laser ablation of nickel
was also observed [70].

It has been reported that the laser-ablation efficiency of nanosecond-laser pulses is similar in
both a liquid environment and ambient air, but in the case of laser ablation by femtosecond-
laser pulses, the ablation efficiency was higher in air in comparison with that in water [32]. The
mass rate of nanoparticle generation in air (aerosol) was observed to be 100 times higher than
in water (colloid) [71]. The laser-ablation efficiency was also influenced by the laser-spot size
and the irradiation time [72]. It was also reported that the laser-ablation efficiency in the
vacuum decreased with increasing laser fluence, caused by increasing the duration of the
atomisation stage [73, 74]. Although laser ablation of materials depends upon their thermal
properties, laser ablation is more effective in a liquid environment that in air. In addition, in
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air, the microparticles were notably distinct both near and far from the crater on the brass
target. However, in water, the narrow distribution of nanoparticles away from the crater was
also sound. It was concluded that water is a more suitable environment in which to produce
uniform and large quantities of nanoparticles by laser ablation [11]. Hermann et al. [74]
determined that the ablation depth of copper and gold in a vacuum chamber increased
gradually at low laser fluence up to 0.5 J/cm? but that this figure increased considerably at
high laser fluence.

The laser-ablation process is also used to clean the surfaces of materials. The effectiveness of
laser-ablation cleaning methods on silver artefacts in different media (air, water and a vacuum)
was characterised. Before cleaning the samples, they were treated with HCI (37%) solutions
for several hours to simulate the formation of a chloride patina (AgCl) on marine archeological
silver artefacts. It was shown that the patina was removed from a few to 300 um in air and in
water and removed completely under vacuum conditions. However, the formation of a white
patina in air and water and an increasing amount of oxygen on the surface of the samples were
observed during cleaning process. This situation shows that “in ambient reach in oxygen laser
ablation favourite the oxygen absorbance on surface and the formation of a thin layer of AgO
which dulls the surface’ [75]. This hypothesis is proven by unobserving surface tarnishing in
a vacuum during laser ablation. It can be concluded that the optimal conditions in which to
clean silver artefacts is under vacuum conditions [75].

7.4. Differences and advantages of different environments to laser ablation and generation
of nanoparticles

Many important differences have been observed between laser ablation in a vacuum, air, gas
and liquid environments. These differences can be summarised as follows: first, in water, at
the liquid-solid interface, a plasma plume is created. In a liquid solution, the ablated materials
and plasma plume expansion are confined, which leads to the production of a high temperature
and pressure caused by the mechanical effects. Second, chemical reactions are produced at the
interfaces between the laser-induced plasma and the liquid and in the laser-induced plasma
at high temperature and pressure. Third, in water, the quenching time of the plasma plume is
much shorter than in gas and a vacuum [57].

The advantages of using laser ablation in liquid environments to produce nanomaterials over
other methods such as chemicals are as follows: (i) simple and clean production because the
process does not need a catalyst and no byproducts are formed; (ii) the process does not require
extreme temperature and pressure; (iii) the method leads to the production of a new phase of
nanocrystals which may occur in both liquids and solids, which presents more options to
choose and combine interesting and desired solid targets and liquids to produce nanocrystals
and nanostructures of new compounds or bimodal [57]. Another advantage of using liquid
environments in the production of nanoparticles is the ability to use the liquid as a medium
in which to collect the nanoparticles. In addition, it has also been shown that the application
advantages of nanoparticles produced in liquid environments in comparison with conven-
tionally generated nanoparticles are the following: (i) the number of bimolecules which can be
conjugated on the surface of laser-produced nanoparticles in water is three to five times higher
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than their chemically produced counterparts; (ii) pulsed-laser ablation in a polymer solution
allows doping or embedding of nanoparticles into matrices of the polymer for quick nanoma-
terial prototyping; (iii) production of nanoparticles in liquid environments via pulsed-laser
ablation generates pure and aggregated nanoparticles. Using aggregated nanoparticles as a
substrate in surface-enhanced Raman scattering (SERS) supplies higher signal-to-noise ratio
[76].

The advantages of performing laser ablation in liquid environments over vacuum chambers
are simple experimental set-up; low price of liquids and higher availability; easy transportation
and storage; no chemical precursors; no chemical contamination resulting in 100% pure
nanoparticles. In other words, more nanoparticle sites or surface atoms are available for drug
loading, fictionalisations and environmental sensing. Furthermore, laser ablation in liquids
produces charged nanoparticles which form high-stability colloidal nanoparticles. In addition,
nanoparticles produced in liquid solution are not inhalable, unlike the dry nanopowders
generated in gas-phase pulsed-laser ablation [76].

Yang [57] showed that laser ablation of solids in confined liquid environments is more effective
than in a vacuum and diluted gas. This is because in liquids, the solid target material contin-
uously etches at the plasma-solid interface due to the high temperature, high pressure and
high density of plasma, as a result, promoting the total ablation rate.

8. Conclusions

Laser ablation in laser-material processing has been carried out in different environments such
as a vacuum, ambient air, different liquid environments and different background gases. Each
medium presents different responses to laser ablation; in other words, different ablation
mechanisms are observed in each environment. Although, generation of nanoparticles via
pulsed-laser ablation of a solid target material in a vacuum chamber, air and gas have been
widely developed, but the advancement of techniques performed in liquid environments has
been of the greatest interest to researchers. The optimal medium for generation of nanoparticles
is deionised water.
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Abstract

The laser ablation in liquid environment (LALE) technique is a straightforward
experimental technique with few controllable parameters, capable to provide extreme
pressure and temperature conditions during target ablation without the need for
dedicated systems to provide those variables. Additionally, we can state that LALE
can be considered a low-cost experimental technique, with few steps and a clean
synthesis method, by which a wide variety of materials can be synthesized with high
yield. The majority of studies published in the literature using this technique seem
to be limited only to the synthesis of metal nanoparticles, metal oxides, nitrates and
semiconducting. However, in order to extend the synthesis potential of this technique,
in this chapter we are going to demonstrate that with the appropriate choice of
reactants, solvent, target materials and the solid-liquid interface interactions we will
be able to prepare more complex molecules such as carbonate compound
Pby(CO5),(OH),, metal-organic frameworks (MOFs), luminescent metal-organic
frameworks (LMOFs), highly dispersed CdS quantum dots and magnetic materials.
Also for each material synthesized, we are going to propose a mechanism to explain
its preparation using the LALE technique.

Keywords: laser ablation in liquid, nonconventional synthesis, materials preparation,
complex compounds, inorganic compound
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1. Introduction

Searching the literature we can observe that there is a huge amount of techniques that can be
used for material preparation. As a matter of fact, for each group of materials there is a specific
route more suitable to be used. An interesting conclusion we can make is the fact that unusual
properties obtained in a specific material is sometimes related to the selected preparation
method. To be more specific, not only the method used but also the solvent, the concentration,
the manner, or the sequence in which the reaction components are mixed make these charac-
teristics more pronounced when we are taking into consideration the preparation of nanoma-
terials.

On the other hand, among several methods developed in the last decade for material prepa-
ration, it can be observed that one stands apart: the pulsed laser ablation technique (PLA).
The reason seems to be the high potential presented by the laser-based material processing
for the thin solid film preparation, nanocrystal growth, surface cleaning and microelectronic
device fabrication [1-5]. The pulsed laser ablation of solid materials was initially carried out
in a conventionally evacuated deposition chamber and the majority of the results have fo-
cused on pulsed laser deposition (PLD) of solid targets in vacuum and in a diluted gaseous

ambient [6, 7].
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Figure 1. (a) Experimental set up for the LALE experiments (b) interaction diagram.

Moreover, a slight modification of the PLD technique for materials preparation is the laser
ablation in liquid environment (LALE). This technique has been extensively used at the
beginning for the preparation of colloidal solution of metallic nanoparticles and subsequently
as a successful technique for the fabrication of nanostructured metals oxide, nitrate and other
materials of various compositions, morphologies and phases [8, 9]. Additionally, this technique
nowadays can be considered a chemically clean and one-pot synthetic route by which a variety
of functionalized new nanostructures can be prepared with a high yield of the final product
without any by-products and, mostly, there is no need for further purification.

Compared with others techniques, LALE can be considered as a low cost experimental
technique, which presents few controllable parameters and provides extreme experimental
conditions of high temperature and pressure that favors the formation of unusual metastable
phases. The technique consists of the interaction of a high-intense Laser pulse with a solid



Laser Ablation in Liquid: An Unconventional, Fast, Clean and Straightforward Technique for Material Preparation
http://dx.doi.org/10.5772/66245

target immersed in a liquid solution as shown in Figure 1(a). In this case, both the ablation of
the target material and the interaction of the laser beam with the solvent (Figure 1b) occur
simultaneously. As a consequence, the plasma plume formed by the target ablation expands
and is confined by the liquid. Some works indicated that the density of the ablated species is
of the order of 10%-10% cm®, the temperature could reach 4000-5000 K and the pressure is of
the order of 10 GPa inside the plasma plume generated by the ablation in liquid [8]. According
to Ogata and coworkers [10], interesting chemical reactions could take place at the interface
between the plasma plume and the liquid, allowing the synthesis of a new chemical compound.

Although this technique has proved to be an excellent route for material preparation, this
methodology has been used mainly to obtain metal oxide, metals colloids, semiconductor and
nitrites [11-17]. Therefore, it will be presented, in detail, the synthesis of five chemical
compounds prepared by the LALE technique that had been prepared at the Solid State
Laboratory of Federal University of Pernambuco in order to demonstrate the versatility of the
laser ablation technique and also to convince the scientific community that this is a very
powerful tool for the preparation of complex materials.

2. Experimental

Figure 1 shows the experimental set up used for all compounds preparation. For the target
ablation, a second harmonic of a pulsed Nd:YAG laser (Spectra-Physics Quanta-Ray GCR-170
or a Quantel, model Brilliant B) is used, operating at 10 Hz with 8 ns of pulse width, with the
beam focused on the target with a spot size of about 1 mm in diameter using a lens with a focal
length of 50 mm. The synthesis processes differ from each other only on the Laser fluency used,
ablation time, kind or type of target, solvent used and the proposed mechanism that explains
its formation.

2.1. Synthesis of Pb,(CO,),(OH),

For the synthesis of the carbonate compound Pb;(CO;),(OH),, a target of solid Pb metal (99.5%,
from America Elements) was used and ablated for 10 minutes with a pulsed Nd:YAG laser as
shown in Figure 1. Finally, the products were centrifuged and collected. The solutions
obtained, including sediments, were dropped and dried on glass substrates for sample
characterization. For the purpose of comparing the results, three different laser fluencies on
the solid target were used: 0.5, 1.0 and 2.0 J/cm? and in order to establish the mechanism for
sample preparation, the ablation reaction was performed in methanol (Merck PA), ethanol
(Kinetics PA), 1-propanol (Merck PA) and 1-butanol (Merck PA) [17, 18].

2.2. Synthesis of CdS quantum dots

In this case, the synthesis of the nanostructured CdS quantum dots was performed using a
metal cadmium foil, which is 0.5 mm thick (99.99%) from Aldrich Company as a target for the
Cd ion source production and thiosulfate and thioglycerol from Merck company as a sulfur
source. The cadmium metal foil was washed with a mixture of H,O:HNO, 1:1 (v/v) to remove
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the oxide layer, followed by distilled water and acetone washing under ultrasound bath for 5
min.

The Cd foil was immersed in a Beaker (50 ml) filled with aqueous solution of thiosulfate (5, 7,
9,12 and 15 mmols ) and thioglycerol (5 mmols) and ablated for 5 min with the second harmonic
order light pulse of a Nd:YAG laser. Soon after the ablation starts, the solution changes its color
from transparent to yellow as an indicator that the reaction is taking place. Finally, the products
were centrifuged and washed several times with acetone and the material was collected for
characterization [19].

2.3. Synthesis of magnetic iron compounds

For the synthesis of magnetic nano— and micro—iron oxide particles, the solid iron targets were
ablated immersed in an aqueous solution of basic pH. As a result of the iron ablation, we
observed the formation of ions ferrate (VI), a-iron and the unusual form of iron oxides FeO.
The aim of this study is to evaluate how the material contained in the plasma plume formed
by the laser ablation of an iron target evolves into a medium of high pH and chemically reacts
with the solution to form iron oxides. We also examined how the fluency of laser pulses applied
to solid iron target surface influences the preparation process.

For this experiment, we used Fe plates that were chemically cleaned, washed with water and
then subjected to ultrasonic bath in ethanol for 5 min. The ambient liquid used was a solution
with a concentration of 1 molar sodium hydroxide in distilled water and measurements
indicated that the pH of the solution was 14. The ALAL was performed with three laser beam
fluency values, the materials prepared under these conditions were designated as Typel, Type2
and Type3 and Table 1 shows the synthesis parameters used for the preparation of these
samples. All experiments were conducted at a temperature of 293 K and pressure of 1 atm. To
minimize the number of variables in the preparation process, the same values for repetition
rate of the laser pulses and the height of the liquid layer on the solid target (10 mm) were used,
both for the volume to the liquid environment and for the laser ablation time at which the
target has been subjected.

Sample Solid target Liquid environment Fluency (J/cm?  Frequency (Hz) Ablation time (min)
1 Iron (bulk) 20 ml of NaOH 1.0 M 0.5 10 10
2 Iron (bulk) 20 ml of NaOH 1.0 M 2.0 10 10
3 Iron (bulk) 20 ml of NaOH 1.0 M 4.0 10 10

Table 1. Experimental parameters for ALAL of iron plates.

2.4. Synthesis of Cu,(BTC),(H,0),

For the synthesis of the Cuy(BTC), MOF, a Cu powder metal (99.5%) was used as a target for
the ablation dispersed in a solution of a DMF/H,O (1:1) containing the organic linker benzene
1,3,5, benzene tricarboxilic acid and NaNO; as a hydroxyl radicals (¢ OH) precursor. The target
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was ablated for 60 min under magnet stirring with the second harmonic of a pulsed Nd:YAG
laser. Soon after the ablation starts, the solution changes its color and a blue precipitate occurs.
Finally, the products were centrifuged and collected for sample characterization [20].

2.5. Synthesis of Eu(TMA)(H,0),

For the synthesis of the microstructured luminescent MOF Eu(TMA)(H,0), instead of using
metal or metal powder as a target, europium oxide powder (Eu,05) (99.99%, Sigma Aldrich)
was used as a target. In this case, the powder was dispersed in a solution of DMF/H,O (1:1),
containing the organic linker Trimesic acid (TMA) and sodium nitrate (NaNO;) under a
magnetic stirring. As it is shown in Figure 1, the target was irradiated for 60 min with the
second harmonic (A = 532 nm) of a pulsed Nd:YAG laser. It is interesting to notice that as the
ablation starts, the solution changes its optical characteristic, with the initial transparent
solution becoming milk-like white as the reaction continues and finally a white precipitate
occurs. In order to characterize the materials, the products were centrifuged, washed with hot
water several times and dried under vacuum. Sample characterization allows us to conclude
that the reaction yield is of the order of 70%. Compared with the literature results for different
synthesis method we can conclude that it is a good yield [21-23].

3. Material characterization

Spectroscopic characterization in the UV-visible and infrared region was performed with an
Ocean Optics model 2000 spectrophotometer and with a FTIR/FT-NIR Spectrometer model
Spectrum 400 Perkin Elmer, respectively, while room temperature photoluminescence (PL)
was measured in Ocean optics model QE65000 spectrophotometer with the sample been exited
with a N, laser or in a Horiba Jobin Yvon spectrofluorometer model Fluorolog-3 FL3-22 using
a 450-W xenon short-arc lamp light as the excitation source. The luminescence quantum yields
measurements were recorded with a Horiba Jobin Yvon spectrofluorometer using an integrat-
ing sphere model F-3018.

The particle morphology and structure was characterized by transmission electron microscope
(TEM) and X-ray diffraction measurement, using a Tecnai 20 transmission electron microscope
operating with an accelerating voltage of 200 KV and a Rigaku diffractometer model DMAX
2400, using Cu K_ radiation (A = 0.154 nm) at a scanning speed of 0.1° s™ in the range of 20 =
10-60° with a step 0.02°, respectively. The sample for the TEM measurements was diluted and
dropped onto a carbon-covered 200-mesh copper grid followed by natural evaporation of the
solvent.

4. Results and discussion

The first example of a compound synthesized by LALE technique shown in this chapter is the
synthesis of hydrocerussite Pb;(CO5),(OH),, a quite rare mineral in nature that is found in soil
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only in small quantities. It consists of basic lead carbonate with a trigonal crystalline structure
[24]. Although itisrare in nature, it was extensively synthesized and used not only as a cosmetic
or in religious and medical practices [25] from Ancient Egypt to the Greco-Roman period [26]
but also as a white pigment in easel painting [27] from the Renaissance to the end of the
nineteenth century. More recently, it has been playing a significant role in geology, in envi-
ronmental issues [28, 29], applied as a polymer stabilizer [30] and has been extensively
investigated in the lead acid battery industry because its presence in battery plates increases
the resistivity of the electrolyte [31].

The ablation of a Pb target in methanol or ethanol results in a whitish powder precipitation
while a grayish color solution was obtained when 1-propanol or 1-butanol was used. The
mechanism proposed to explain the whitish precipitated material is demonstrated in the
scheme below, in which the ablation of the Pb target in a solution produces Pb atoms, ions and
Pb particles that become dispersed in the liquid environment and subsequently interact with
absorbed O, to form the lead oxide PbO.

The decomposition of methanol into CO, and H,O is catalyzed by the ablated metal that
remains in solution [32-34]. The remaining CO, reacts with PbO to form the hydrocerussite
compound.

Pb(selig) + /v + Oy = nPb +Pb™ + PbO (1)
hn +nPb” )

CH;0H + 0, —*™2 (0, +H, + H,0 @)
3PbO + CO, +H, — Pby (CO5)(OH), 3)

In order to prove the efficacy of the mechanism proposed in Figure 2, we present the X-ray
diffraction analysis of the samples prepared in methanol, ethanol 1-propanol and 1-butanol.
For the samples prepared in methanol and ethanol the diffraction peaks correspond to the
crystalline planes of the trigonal crystalline structure of the hydrocerussite reported on
JCPDS card 130131. While for the Pb target ablated in 1-propanol and 1-butanol it is ob-
served that diffraction peaks refer to the hydrocerussite and the crystalline planes of the cu-
bic FCC of metallic phase lead to a structure in agreement with the reported on JCPDS card
040686. It is interesting to notice that the metal became the major phase for the Pb target
ablated in 1-butanol.

In conclusion, we may say that if we carefully choose the solvent, we are able to decide
which material will be synthesized. Hydrocerussite is obtained when the Pb target is ablated
in ethanol and methanol solution whereas hydrocerussite and Pb metal particles are ob-
tained from the solvent 1-propanol and 1-butanol and the metallic phase is more abundant
in 1-butanol.
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Figure 2. XRD patterns recorded for the samples PbMet-A, PbEtha, PbPro and PbBut. The crystalline phases and main
crystalline planes associated with each phase are also shown.

As a matter of fact, several metal nanoparticles such as cobalt, nickel, silver, copper, palladium
and semiconductor quantum dots (QDots) [35-39] have been obtained using the reducing
power of alcohols with large carbon chains.

Figure 3 shows the SEM characterization for the sample prepared in methanol and itis observed
that a hexagonal structure was obtained with average widths of 1.0 + 0.3 um and an average
thickness of 80 + 20 nm. This resultis similar to the morphology results found in the literature for

hydrocerussite [24, 40].

Figure 3. SEM image for PbMet-A sample as made.

The second example of a chemical compound prepared by LALE technique is the synthesis of
II-VI semiconductor quantum dots (QDots). The reason for that interest seems to be the high
technological potential that these materials present in several areas such as optic, electronic,
catalyst application, solar photovoltaic cells, nanobar codes, field effect transistors, light
emitting diodes and in vivo biomedical detection fluorescent tags in biology and the develop-
ment of chemical and biological sensors [41-47]. Concerning to the CdS preparation, the
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synthesis consists of the ablation of cadmium foil in the thiosulfate and thioglycerol solution
for 5 minutes. As a consequence, a highly stable colloidal solution is obtained and presents a
strong yellow fluorescence peak at 590 nm that can be seen by the naked eye when the sample
is excited with UV light at 365 nm as shown in Figure 4.
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Figure 4. (a) The absorption luminescence spectra and (b) photograph of the CdS quantum dots solutions before and
after excitation with UV lamp.

These results allow us to conclude that quantum confinement is observed since the absorption
bands of the colloidal solution suffer a blue shift to 360 nm when compared with CdS bulk
emission at 515 nm [47].

The mechanism proposed to explain the CdS quantum dots formation is shown in Eqgs. (4)—(6),
where the Cd target is ablated-producing ionizing species together with the action of thiogly-
cerol as a catalyst for the thiosulfate hydrolysis [48, 49], which results in situ formation of
sulfide ion (5*) and consequently the formation of CdS particle.

$,03% + H,0—%580;% + H,S (4)

(m -+ m)Cd (5 —2—>nCd ) + mCd"? + m2e (5)
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Cd*? +572 - CdS (6)

Additionally, it can be seen that, in this process, thioglycerol is used as a hydrolyzing agent
for thiosulfate (1) and as stabilizing agent for the nanoparticles.

From the analysis of the absorption spectra we found that the band gap of the CdS semicon-
ductor is of the order of 3.1 eV and using the effective mass approximation method developed
by Burs [50], we can estimate that the optical particle size is of the order of 3.2 nm. From the
analysis of X-ray diffraction measurement of Figure 5 and the comparison with the JCPDS card
file number 10-454, we conclude that the CdS particle crystallize in a zinc blende structure and
from the broadening of the diffraction peak we can see that the peaks present a very broad
distribution indicating the presence of a very small crystallite size.
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Figure 5. (a) X-ray diffraction of quantum dot CdS and (b) plot Willianson-Hall for crystallite size determination.

Using the Williamson-Hall method for the diffraction peaks analysis, we found that the crys-
tallite size is of the order of 2.2 nm. This result is slightly smaller than those calculated by
optics method. However, it indicates that we were successful in preparing very small CdS
quantum dots particle. It is interesting to mention that the CdS nanocrystals possess the cu-
bic space group, instead of the hexagonal wurtzite structure which is thermodynamically
more stable. This probably could be attributed to the nonconventional chemical reaction con-
dition of high pressures and temperatures which favors the occurrence of chemical processes
in nonequilibrium conditions and the formation of materials with metastable configurations
[51, 52].

The third example is the synthesis of magnetic iron samples. In this study, all prepared
materials were dispersed or stabilized in liquid environment after synthesis. The samples were
further characterized in a liquid phase by absorption spectroscopy in the ultraviolet and visible
region. The materials of samples Typel, Type2 and Type3 were separated from the NaOH
precursor solution by centrifugation and also washed in distilled water. A fraction of the
prepared samples was precipitated on glass plates for the scanning electron microscopy
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characterization, while another fraction of the samples was pulverized and subjected to X-ray
diffraction, infrared spectroscopy and magnetic measurement. Figure 6 shows UV-Vis spectra
for the precursor solution of sodium hydroxide and for the resulting solutions of the prepa-
ration process for samples 1, 2 and 3.
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Figure 6. UV-Vis spectra of samples Typel, Type2 and Type3 and of precursor solution.

It is possible to see in Figure 6 that the spectra of samples 1, 2 and 3 have three additional
absorption bands when compared with the spectrum of the precursor solution of NaOH. These
absorption bands are related to the presence of the dispersed material prepared in the solution
resulting from laser ablation. It is also observed that the absorption bands were more intense
for the materials prepared with the application of higher fluencies on the solid target. This fact
indicates that the higher the fluency used in experiments, the higher is the amount of material
obtained and dispersed in solution per unit time. This result is consistent with the UV-Vis
spectrum for iron and iron oxide nanoparticles in aqueous solution. The absorption bands with
maxima at 216 and 268 nm may be associated with iron nanoparticles, while the band located
at 350 nm is likely due to other phases present in the samples [53].

From the analysis of the results obtained by ultraviolet and visible spectroscopy, FTIR,
scanning electron microscopy, X-ray diffraction and magnetometry, it allowed us to conclude
that all samples (named as Typel, Type2 and Type3) prepared, under three different experi-
mental conditions, are nanostructured and formed respectively by: Typel sample crystalline
phases regarding the presence iron (Fe), iron oxide (FeO), sodium ferrate (V) (NaFeOj;), sodium
ferrate (VI) (Na,FeO,) and sodium hydroxide (NaOH); Type2 sample, Fe, FeO, Na,FeO, and
NaOH; Type3 sample, Fe and FeO. The metastable FeO phase is especially interesting because
it is generally prepared only at high temperatures and by rapid cooling process [51].
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The prepared samples show magnetic properties, with the Fe and FeO (Type3) having the most
intense magnetic response, whereas the Typel sample shows intermediate intensity response
and Type2 material shows the less intense magnetization response. Some modification of the
synthesis conditions used in these experiments resulted in the preparation of ferrate sodium
compound (V) (NaFeOs) and sodium ferrate (VI) (Na,FeO,). In these compounds the iron
atoms have a high oxidation number lying the state Fe'® and Fe*. The FeO, and FeO, ferrate
ions present high potential for technological application in several scientific areas, such as in
the degradation of environmental pollutants and as disinfectants [54]. Furthermore, recent
studies indicate that FeO,? ions have promising applications as electrolytes materials in
rechargeable batteries [55].

Thus, the laser ablation of iron targets in sodium hydroxide solution presents itself as a new
method for the preparation of sodium ferrate, enabling control of the properties of materials
prepared by tuning the fluency of laser pulses. To the best of our knowledge, obtaining sodium
ferrate by ALAL and obtaining results regarding the control of crystallinity and magnetization
of such samples by ALAL are unprecedented in the literature.

The scanning electron microscopy performed on samples Typel, Type2 and Type3 shows that
these materials consist of particles of approximate spherical shape and with different size
distribution for each type of material. Figure 7(a) shows the Typel material consists of spherical
particles with an average size of 170 nm that are both dispersed and isolated on the substrate
or agglomerated as structures formed by larger particle clusters. Figure 7(b) shows that the
Type2 material has particles with spherical shape and average size of the order of 0.7 um and
it seems that the distribution of particle sizes in this sample is wider than that presented by
the sample Typel. Figure 7(c) shows that the SEM image is composed of agglomerated particles
of 50 nm in size, where it is also possible to visualize a few micron size particles.

Figure 7. Image of SEM for: (a) Typel sample; (b) Type2 sample; (c) Type3 sample.

The SEM shown in Figure 7(a)—(c) allowed to estimate the average size and average standard
deviation for the size distribution of the particles in the samples Typel, Type2 and Type3. The
results of these measurements are shown in Table 2.

These results indicate that the structural properties of the obtained materials are susceptible
to the fluency of the laser beam used in the preparation procedure and therefore it is possible
to control the size and size distribution of the sample by controlling the fluency. This behavior
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may be related to the photolysis promoted by the laser beam onto the prepared particles and
increases the ablated material density in the plasma plume. These two effects increase when
the fluency is increased and their joint action could explain the observed results: photolysis
tends to decrease the size of the particles while high density plume favors to obtain larger

particles.

Sample Average size Standard deviation
1 170 nm 50 nm

2 0.7 um 0.3 um

3 50 nm 30 nm

Table 2. Estimate of the average size for Typel, Type2 and Type3 samples.
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Figure 8. X-ray diffraction patterns of samples.

The X-ray diffraction was used for the identification and structural characterization of the
prepared materials. The XRD patterns obtained for Typel, Type2 and Type3 samples are shown
in Figure 8, where they are also indicating crystalline phases present in the samples that were
identified by comparison with the software database PCPDF WIN of JCPDS-ICCD. Analyzing
the XRD patterns of the samples and correlating the maximum diffracted intensity with the
major peaks of diffraction patterns in JCPDS database is verified that prepared under Typel
experimental conditions is formed by crystalline phases regarding the presence of iron (Fe),
iron oxide (FeO), sodium ferrate (V) (NaFeO;), sodium ferrate (VI) (Na,FeO,) and sodium
hydroxide (NaOH). The Type2 sample shows evidence of the presence of Fe, FeO, Na,FeO,and
NaOH, while in Type3 sample, the presence of Fe and FeO phases was only found. It is
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interesting to notice that the FeO phase is metastable and can be prepared only at high
temperatures and by a fast cooling process [51].

Figure 7 shows that when the fluency applied to the target solid surface increases, it is possible
to observe progressively reducing on the crystallinity of the prepared samples. Clearly, the
Typel sample with a fluency of 0.5 J/cm? has well-defined crystalline phases, while Type3
sample prepared using 4.0 J/cm? fluency is majorly amorphous. This behavior can be explained
by considering the rapid cooling effect of the liquid environment of the plasma plume. The
temperature of the ablated material in the plume plasma should increase proportionally to the
fluency of laser pulses; on the other hand, the cooling capacity of the liquid environment
basically depends on the temperature and the volume of liquid used. In this way, the higher
the fluency used, the higher the cooling rate due to liquid environment, because greater will
be the temperature variation during the short time cooling.

The proposed cooling model can explain the crystalline dependence of the material obtained
with the fluency of the laser beam used in the preparation process. The fluency values used
during the preparation of the samples Typel, Type2 and Type3 correspond to cooling rates T,
T,and T;and T;>T,>T,. Although the specific time (time per mass) available for crystallization
of the ablated material is higher in Typel than in Type2, this in turn has the time available for
crystallization higher than the Type3 sample. The short crystallization time for Type2 and
Type3 samples inhibits the formation of well-defined crystalline phases, leaving the samples
Type2 and Type3 less crystalline and substantially amorphous.
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Figure 9. IR transmittance spectrum.
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Figure 9 shows the infrared transmission spectra (IR spectra) for the materials prepared. It is
observed that most of the absorption modes of Typel and Type2 materials coincide, although
it does not happen for sample Type3. This indicates that the composition and chemical
structure of Typel and Type2 samples are similar, while they differ from the composition and
structure presented by the sample Type3. Comparing the IR spectra obtained from data
available in [56] literature it was possible to verify the presence of Na,FeO,in Typel and Type2
samples by identifying active stretching and vibration modes relating to the tetrahedral
distribution of four oxygens around the Fe ion (VI). The modes for the Na,FeO, are not
displayed in the IR spectrum of Type3 sample confirming the assumption that Typel and Type2
samples are chemically similar and that the composition of the sample differs from that
presented by Type3. The presence of FeO in all samples was attributed comparing it with data
from the literature [57]. The IR spectroscopic analysis results corroborate the X-ray diffraction.

Figure 10 shows the magnetization curves measured as a function of applied magnetic field
for the samples Typel, Type2 and Type3. The analysis of magnetization curves indicates that
all samples exhibit hysteresis, thus being classified as ferromagnetic, although it is noticed that
the magnetic response is different for each sample. When the materials are subjected to a field
of the same intensity, Type3 material has higher magnetization, this value is higher than the
Typel and Type2 samples and the Type2 sample has the lowest value of magnetization.
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Figure 10. Magnetization per unit mass as a function of applied magnetic field.

The magnetic response of samples can be related to the size of their structures. It was observed
in this experiment that for the same value of applied magnetic field, the magnetization of the
module M (H) of Typel, Type2 and Type3 samples increases with decreasing diameter, D, of
the particles in the sample. In other words, it was found that M(H)rype3 > M(H)1ype1 > M(H) e
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while Dyypes > Dryper > Drypeo- We Observed size effects on the magnetic response of the samples,
possibly related to the size and presence of magnetic monodomain within the particles of a
smaller size, while larger particles should contain several oriented monodomain randomly
causing a less effective magnetic response.

We can also qualitatively relate the magnetic behavior of the samples to their chemical
composition: The Typel sample is formed by phases Fe, FeO, NaFeO,, Na,FeO, and NaOH,
while Type2 sample is formed by Fe, FeO, Na,FeO,,and NaOH and Type3 by Fe and FeO. It is
known that unpaired electrons in the atomic orbitals of a material are responsible for their
magnetic properties and the greater the number of unpaired electrons will be, the higher its
magnetization per unit mass. Iron atoms in Fe and FeO phases are respectively 4 and 4 unpaired
electrons. However, the phase NaFeO; the iron atoms present only 3 unpaired electrons and
Na,FeO, phase 2 has unpaired electrons. Since the magnetization was measured by mass, this
argument justified the reason that Type3 sample, composed of Fe and FeO, is the most intense
magnetic response. The Typel material its intermediate intensity response and the Type2
material is the less intense magnetization (M(H)rypes > M(H)1ype1 > M(H) gy peo)-

We can summarize that the preparation of micro- and nanostructured magnetic particles
through ALAL iron targets of sodium hydroxide 1 M was successfully obtained. The results
demonstrate that structural and magnetic properties of the materials prepared are influenced
by the applied laser beam fluency during the ablation process. Specifically it was found that
the fluency can be used to control the size distribution of structures present in the sample as
well as controlling the magnetization and the crystallinity of the material prepared.

The fourth and fifth examples are the synthesis of the MOFs and LMOEFS. For the synthesis of
metal organic framework, we have developed two procedures: for the Cu,(BTC),(H,O);
preparation, a cupper metal powder was used as a target, while for the synthesis of the
luminescent MOF Eu(TMA)(H,0),, a metal oxide powder was used as a target instead.

We chose the metal organic frameworks (MOFs) materials as the next example for the fact that
this structure are quite complex and consist of a three-dimensional (3D) metal coordination
network formed by metal ions or clusters linked together by organic bridging ligands.
Consequently, this material presents high surface area, uniform small porous architecture [58],
open metal sites [59], possibility of structure modification through postsynthesis functionali-
zation routes [60], that together with luminescent proprieties make MOFs materials promising
for several applications such as gas storage, gas separation, heterogeneous catalysis [61, 62],
sensing devices [63, 64], ion exchange [65, 66], optoelectronics [67, 68] and efficient phosphors
for displays and lighting [69]. Regarding to the sample preparation, almost all methods used
for MOFs preparation are time consuming, except for the microwave-assisted processes and
therefore new methods should be developed in order to overcome this advantage.

The main difference between the methods applied before for the materials preparation is the
fact that for the Cu,(BTC),(H,0); preparation, Cupper metal powder dispersed in liquid
medium was used as a target, whereas to synthesize Eu(BTC)(H,O),, europium oxide was used
as a target. In both syntheses, magnetic stirring was used to homogenize the suspension in a
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solution of trimesic acid dissolved in water and DMF. In Cu,(BTC),(H,0), case, NaNO, was
also used as oxidizing agent.

To explain the formation of Cu,(BTC),(H,0O), the mechanism proposed consists of a combina-
tion of two simultaneous processes. The first step involves the ablation of the metal surface,
producing the ejection of the plume containing Cu’ and metal ion Cu*' and Cu™ and also the
photochemical decomposition of nitrate ions, that results in hydroxyl radicals (¢ OH) produc-
tion, which in turn results in the increase of the amount of Cu*. Finally, the Cu* reacts with
the BTC to form the Cu,(BTC),.(H,O), framework, as shown in Eq. (7)-(12).

0 HDMF* BTC* NO; 0 1+ N
Cu(s) +ho : Cu(plasma) + Cu(plasma) + Cu(plasma) @)
- HDMF* BTC*™ NO; -
NO3(aq) + hv 3 \NO(g) + O2(aq) (8)
_ HDMF* BTC* NOj
OZ(aq) + 2H20(1) 3 ZOHO + 2H20(l) (9)
3— _
20H° - PMFBTC” NO; H,0(+[0] (10)
0 DMF BTC*™ NO; o4
Cu(plasma) +|:O] : 3cu(aq) + HZO([) 11)
3Cuf,) +2BTC — MO, Cuy (BTC), (H,0)5 + 4H,0(,) 12)
235
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Figure 11. X-ray diffraction patterns (left) and FT-IR analysis (right) of [Cu,(BTC),]-MOF prepared by laser ablation
techniques at room temperature.
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Figures 11 and 12 show the results of X-ray diffraction, infrared and scanning electron
microscopy, which confirm that Cu,(BTC),(H,O); MOFs has been successively prepared [20].

For the Eu(BTC)(H,O), preparation, it is noticed that the ablation of europium oxide (Eu,O;)
make available Eu®* ions in solution, which reacts with BTC molecules to form a lumines-
cent network as shown in Figure 13. Figure 14 shows the structural and spectroscopic char-
acterization of the obtained compound, thus from the X-ray diffraction results we can
conclude that the obtained LMOFs presents highly crystallinity with diffraction peaks iso-
morphic with Eu(BTC)(H,O),. The FTIR analysis shows the disappearance of the carboxyl
group in 1721 ecm™ and the appearance of the modes in 1404 and 1275 cm™, strongly sug-
gesting that the Eu® ion is coordinated with the carbonyl group. Finally, the emission anal-
ysis shows that the compound exhibits an intense luminescence in the red region of the
visible spectra A = 611 nm, characteristic °D-"F, transition of Eu®* ions when irradiated with
UV light at A = 254 nm, with a quantum efficiency of 10.8% and life time of 0.26 ms.

Figure 12. Morphologic analysis of Cus(BTC),(H,O) crystals prepared by the laser ablation technique as a function of
the ablation time for: (a) 60 min, (b) 90 min.

Figure 13. SEM image of Eu(TMA)(H,0O), and a photograph under UV excitation A =254 nm.
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Figure 14. Structural and spectroscopic characterization: (a) XRD patterns of Eu(BTC)(H,O); (b) FI-IR spectrum of
H,;TMA and Eu(TMA)(H,O),; (c) photoluminescence and excitation spectra of Eu(BTC)(H,0O);at room temperature; (d)
luminescence decay curves at room temperature of the emitting °D, level of the Eu* in Eu(BTC)(H,O)s.

From the results above, we conclude that we have succeeded in synthesizing a three-dimen-
sional networks Eu(TMA)(H,0), and Cu,(BTC),.(H,0), producing, for the first time, a metal-
organic framework by laser ablation in liquid, wherein both obtained materials were
crystalline and with well-defined morphology. Comparing with the conventional method, it
is observed that this new synthesis route has the advantage of being a one-step synthesis, which
allows obtaining submicromaterial with a high yield [21].

5. Conclusions

We have successfully developed a new technique for the synthesis of micro- and nanostruc-
tured materials using laser ablation in liquid environment, which consists of the combination of
the target ablation in a liquid environment together with the photo physical or chemical decom-
position of the solvent. With these method, several compounds, such as Cu,(BTC),(H,0)s,
Eu(TMA)(H,0),, CdS quantum dots and magnetic materials such as Fe, FeO, NaFeO;, Na,FeO,
havebeen prepared.

For each material prepared above, we observed that there was a different set of synthesis
parameter to be adjusted in order to obtain the desired material. However, when compared
with the conventional methods of synthesis, we can see that laser ablation in liquid is a
straightforward technique with few adjustable parameter that allowed materials to be
prepared with a high yield. As a matter of fact, with these examples we feel confident to
propose this technique as the next-generation tool for the materials preparation.
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Abstract

Pulsed laser ablation (PLA) in high-density media—high-pressure gases, liquids, and
supercritical fluids—has shown to be promising for nanomaterials fabrication and as
an analysis technique in extreme environments, for example, the exploration of deep
ocean levels and planetary atmospheres and surfaces. Despite the high potential of this
technique, it is still not very widely used. The objective of the present chapter is to
present the reader with an overview of recent advances in the use of pulsed laser
ablation in pressurized media, the fundamental characteristics, especially the dynamics
of cavitation bubbles and the optical emission, and the applications to the fabrication of
metallic and semiconductor nanoparticles, and diamond molecules, the so-called
diamondoids. Finally, a short overview of the use of pulsed laser ablation in pressurized
media as a promising tool for the analysis of extreme environments is presented.

Keywords: pulsed laser ablation, high-density media, supercritical fluids, nanomate-
rials fabrication, diamondoids, cavitation bubble, shadowgraph imaging, optical
emission spectroscopy

1. Introduction

Laser-based methods have opened new possibilities for materials treatment and processing,
chemical synthesis, and analysis. Pulsed laser deposition (PLD) has been widely used for the
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fabrication of thin films (metallic, oxide, and complex heterostructures) and has become a
mainstay for realizing high-quality thin films of different compositions [1].

Pulsed laser ablation (PLA) in liquids, which consists in the irradiation of a solid target placed
inside liquids, has enabled the functionalization and fabrication of a wide range of nanoma-
terials. The main advantage of PLA is that it enables the fabrication of nanoparticles that cannot
be obtained easily by other methods. Moreover, PLA realized in high-density media—high-
pressure gases, liquids, and supercritical fluids—has opened up new possibilities for control-
ling nanomaterials fabrication by PLA and has also lead to the discovery of new phenomena
related to plasma-fluid interactions.

In the context of this chapter, we define high-density media as gases, liquids, or supercritical
fluids at and above atmospheric pressures, that is, at pressures p = 0.1 MPa and densities pz
1 kg m?® While there have already been extensive reviews on PLA in liquids and their
applications for nanomaterials processing [2, 3] including high-density media [4], the main
aim of the present chapter is to present the main differences between PLA in atmospheric
pressure liquids and PLA in high-density media—high-pressure gases, pressurized liquids,
and supercritical fluids—and to point out possible advantages of using PLA in such media,
both for fundamental research and applications in materials science and processing.

The chapter is structured as follows: The first part (section 2) gives a brief overview on the
phenomena related to the formation of PLA plasmas in dense media. We introduce the
techniques used for generating plasmas by PLA in high-density media, and the fundamental
phenomena encountered under such conditions. This part is also devoted to the description
of the experimental instrumentation and analysis techniques. In the third part (section 3) gives
an overview of the use of pulsed laser ablation to nanomaterials’ synthesis and the character-
ization of nanoparticle growth processes using X-ray scattering techniques. Finally, in the last
two parts (sections 4 and 5), we present briefly other possible applications of PLA in high-
density media and close the chapter with a short conclusion.

As mentioned above, while PLA in liquids or in atmospheric pressure gases has been
investigated extensively, PLA in high-pressure/high-density media has not yet received as
much attention, but we hope that the present review can help researchers gain an overview on
this field.

2. Pulsed laser ablation plasmas in high-density media

This section gives a brief overview on the formation mechanism of PLA plasmas in high-
density media, and the main experimental equipment required for carrying out such experi-
ments.

The following section is devoted to introducing techniques for characterizing PLA plasmas in
high-density fluids—direct imaging, shadowgraph and Schlieren imaging, laser scattering,
optical emission spectroscopy (OES) [5], and Raman scattering [6].
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2.1. Plasma generation in high-density media

To realize the pulsed laser plasma, different types of lasers can be used. The most common are
second harmonic (532 nm) Nd:YAG pulsed laser sources (e.g., Ref. [7]) that are operated with
arepetition rate of a few Hz and pulse widths of a few nanoseconds (~ 5 to 10 ns) and fluencies
of a few tens of milli-Joules per pulse.

To realize the high-pressure conditions of the fluid, it is necessary to employ high-pressure
pumps, for example, those used for high-performance liquid chromatography (HPLC) [8], or
another method that allows compressing the gas or the liquid to be used. One simple approach
is liquefaction that consists in cooling the source gas liquid nitrogen and then introducing it
into the high-pressure cell, as this was used for PLA in supercritical xenon [7]. To keep the
conditions in a well-defined state, the temperature and pressure in the cell are monitored by
temperature and pressure sensors. Adjusting of the temperature can be achieved by using a
heating/cooling circuit connected to the high-pressure cell.

One advantage of carrying out PLA in high-density and pressurized media is that varying the
pressure and/or temperature of the medium allows further adjustment of the nanoparticle size
and chemical composition (in addition to the laser fluence and pulse width).

For characterizing the plasma formation and the fluid evolution including the dynamics of the
cavitation bubble, different fast imaging techniques are employed, the most common being
shadowgraph and schlieren imaging. Finally, direct imaging can be used to generate the
plasma formed by the laser irradiation. In shadowgraph imaging (cf. setup of Figure 1), the
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Figure 1. Schematic of experimental setup for direct and shadowgraph imaging in high-pressure conditions. Tempera-
ture and pressure indicators (TI, PI) are used to monitor the fluid conditions inside the high-pressure chamber. Figure
adapted with permission from Ref. [10].
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zone to be irradiated by the laser is illuminated from behind using a bright light source (a flash
lamp or a laser source). The change in the fluid density leads to refraction of the light beams
from the light source on the detector, which results in the formation of brighter and darker
zones on the detector and correlates with the fluid density gradient.

PLA leads to the formation of shockwaves inside the target and the fluid. For 2D shocks
produced in liquid water, pressures of up to 30 GPa and velocities up to Mach 6 have been
reported [9].

Figure 1 illustrates the main components for conducting PLA in high-density media. The
equipment consists of a reaction vessel capable of withholding pressures up to several
megapascals. Usually, the reactor vessels are made of stainless steel (typically SUS316) or, in
case of highly corrosive fluids such as supercritical water, other highly corrosion-resistant
materials, mainly Ni-based alloys, for example, Hastelloy™, are used. As viewports, usually
sapphire is used because of its superior hardness, high thermal conductivity, and chemical
resistance. Another advantage is the large domain of optical transmission, from about 150 to
5000 nm.

To characterize the evolution of the plasma and the cavitation bubble, different types of
imaging methods are used: The simplest is direct imaging, which is used for temporal and
spatial evolution of the plasma and, when using bandpass filters of specific wavelengths, the
spatial distribution of emissions corresponding to certain species can be monitored.

Finally, shadowgraph and Schlieren imaging allow the observation of changes in the fluid
density, and optical emission spectroscopy can be used to characterize the plasma. Examples
of these techniques employed for the characterization of PLA in high-density media will be
presented in sections 2.2.2 and 2.2.3.

2.2. Characteristics of pulsed laser ablation plasmas in high-density media.

2.2.1. Plasma formation and characteristics

The formation of a plasma through laser irradiation is a highly complex process that involves
several stages, which are illustrated in the case of a liquid in Figure 2. The laser irradiation and
absorption of the laser energy by the target leads to the explosive vaporization of the target
material and the formation of a cavitation bubble and subsequent nucleation and growth of
nanoparticles that are ejected into the fluid.

While the detailed mechanisms are still not understood yet, depending on the type of laser,
continuous wave (CW), nanosecond or pico-, respectively, and femtosecond, the mechanisms
leading to the removal of material and plasma formation are different. In the case of CW lasers,
material is removed primarily by melting, which creates a large heat-affected zone (HAZ), and
material ejection is mainly dominated by thermal processes [11]. In nanosecond lasers, there
are three main stages that lead to the formation of a plasma. In the first, laser photons couple
both with electrons and phonons of the target material. The photon—electron coupling then
results in an immediate rise of the electron temperature, leading to vaporization of the target.
Compared to CW lasers, the HAZ created by nanosecond pulsed lasers is smaller.
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With ultrafast pico- and femtosecond pulses, the laser pulse duration is much shorter than the
timescale for energy transfer between free electrons and the material lattice, and electrons are
excited to only a few or few tens of electron volts. Consequently, the lattice temperature of the
target remains unchanged, and the main amount of the laser pulse energy is primarily
absorbed in a thin layer of only a few microns close to the surface, where extremely high
pressures and temperatures can be attained. The absorbed energy heats the material very
quickly past the melting point, directly to the vapor phase with high kinetic energy, and the
material is removed by vaporization. Consequently, in the case of pico- and femtosecond
pulsed lasers, mainly the photon absorption depth governs the heated volume, the influence
of thermal diffusion depth being smaller.

With nano-, pico-, and femtosecond pulsed lasers becoming more and more available, PLA
has opened a wide range of new possibilities for materials processing: deposition of thin solid
films, nanocrystal growth, surface cleaning, and the fabrication of microelectronic devices.

The evolution of the cavitation bubble is described in more detail in the next section.
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Figure 2. Schematic of the different events occur