
Abstract. The methods of laser ablation of chemical com-The methods of laser ablation of chemical com-

pounds in a liquid medium and in vacuum used for thepounds in a liquid medium and in vacuum used for the

production of highly dispersed materials and films, respec-production of highly dispersed materials and films, respec-

tively, are considered. Features and advantages of thesetively, are considered. Features and advantages of these

methods are noted and the potential of their application formethods are noted and the potential of their application for

the design of novel materials is discussed. Examples ofthe design of novel materials is discussed. Examples of

application of these methods in scientific research areapplication of these methods in scientific research are

given. The bibliography includes 177 referencesgiven. The bibliography includes 177 references..

I. Introduction

Laser ablation is used more and more often to obtain new

materials. Two key areas of the development of laser

ablation can be distinguished, namely, laser ablation in

liquid (LAL) and laser ablation in vacuum (LAV). For

chemistry, of particular interest is the possibility of produc-

ing nanodispersed materials (by LAL) and film materials

(by LAV).

A laser pulse delivers high fluence, which results in the

formation of plasma. According to formal estimates, the

plasma temperature is about thousands of degrees. Also, it

appears possible to obtain nanodispersed systems and films

that retain the elemental composition and the structure of

the target. This possibility is ensured by the pronounced

deviation of the laser-ablation process conditions from

thermodynamic equilibrium. During the laser ablation in

vacuum, the laser plume contains not only ions and atoms

but also clusters of various size (up to microscopic droplets)

in which the target chemical structure is retained. When

condensing on the substrate, these clusters can serve as

phase nuclei, the chemical structure of the ablated com-

pound being restored around them.

The matrix-assisted pulse laser evaporation (MAPLE)

technique is used successfully for laser deposition of com-

plex organic compounds.{ It is worthy of note that during

ablation of organic compounds in liquid, they can be trans-

ferred to the nanodispersed state without generation of

considerable amounts of decomposition products (see

below). Also, with appropriate selection of the material

being ablated and the liquid, laser dispersion process can

be combined with the chemical reaction needed to prepare

the desired compound in highly dispersed state.

This review presents analysis of publications of the last

decade devoted to ablation of chemical compounds in

vacuum and in liquid media.{

II. Production of dispersed materials by laser
ablation in liquid

1. Scope of application of nanomaterials produced by laser
ablation in liquid
Laser ablation in liquid can be used to produce numerous

nanodispersed materials applied in various fields.

The LAL technique was used to obtain silver selenide.1

This compound is a superionic conductor widely utilized in

solar cell elements and as an optical filter.2 Nanodispersed

solid electrolytes for accumulator batteries such as LiCoO2

(Ref. 3) and LiMn2O4 are prepared by LAL.4

The LAL method is also used for the design of other

oxide materials. The ablation of the appropriate ceramics in

deionized water gave 10 ± 30 nm nanoparticles of CaMoO4.5

Nanoparticles of the same composition and CaWO4 nano-

particles were obtained by ablation in ethanol.6 In both

cases, fourth harmonic radiation from the Nd : YAG laser
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was used [wavelength (l) 266 nm, pulse duration (tp) 8 ns,

pulse energy (Ep) up to 100 mJ]. The authors noted that

these nanoparticles can be used as blue luminescence

media,7 ± 9 laser media for electronics,10 ± 12 scintillators in

medicine 13 ± 15 and media for masers.16, 17 Nanoparticles of

Sr2MgSi2O7 : Eu2+,Dy3+, which is a well-known lumino-

phore, with long luminescence, were obtained.18

The LAL technique served to obtain Bi2O3 nanopar-

ticles,19 which are suitable as photocatalysts, as was dem-

onstrated for photooxidation of an aqueous solution of

indigo. It was confirmed experimentally that the catalytic

activity of nanodispersed bismuth oxide is higher than that

of microdispersed one. Ablation was performed by a femto-

second laser (l=800 nm, tp=120 fs, Ep=0.5 mJ).

Tsuji et al.20 ablated cobalt and cobalt oxides, CoO

(used in chemical sensors 21) and Co2O3, in various liquid

media.

Nanocrystalline luminophores were prepared by abla-

tion of Gd2O3 ceramics doped with erbium and

ytterbium.22 The luminescence spectra of these lumino-

phores displayed bands corresponding to two- and three

photon excitation of erbium ions. Presumably, they will find

use as luminescent markers in biological and medical

research. Effective luminophores Gd2SiO5 : Ce3+ and

Lu2O2S : Eu3+ with grain size of 1 ± 5 nm were produced

by the LAL method.23

Indium ablation in water gave 24 nanoparticles of indium

oxide, which is a unique transparent compound with high

conductivity used in the upper conducting layers of battery

solar cells or displays and in active layers of resistive

chemical sensors for ozone, CO and NO2 .25 ± 27 It was

shown } that CO sensors based on colloid solutions of

indium oxide prepared by LAL have good performance

and are able to detect <2 ppm of carbon monoxide, the

speed of response being several seconds.

Successive ablation of magnesium (or zinc) and then

aluminium in deionized water afforded 28 stoichiometric

nanocrystals of layered double hydroxides, Mg6Al2(OH)18 .

4.5H2O and Zn6Al2(OH)18 . 4.5H2O, which can absorb

undesirable impurities from gas and liquid media. Also,

materials with unusual rheological properties can be formed

from these compounds.

Nanodispersed semiconductors or their colloid solutions

are used as nonlinear optical materials.29 Ganeev and

Ryasnyansky 30 prepared nanodispersed sulfides CdS and

As2S3 with a mean particle size of 2 and 4 nm, respectively.

In both cases, the fundamental absorption edge shifts to

shorter wavelength (the initial As2S3 and its nanodispersed

particles were glass-like solids). According to estimates,30

the optical nonlinearity of nanodispersed particles is 2 ± 3

orders of magnitude greater in the absolute value than the

optical nonlinearity of bulky materials. The same conclu-

sion was drawn by Ganeev et al.,31 who considered Ge and

GaAs nanoparticles. However, they failed to obtain a stable

colloid solution with a high concentration of these particles.

The nanocrystalline semiconductors obtained by LAL,

for example, CdS and GaAs, are also studied as luminescent

materials.32 The LAL process is suitable for producing

luminescent semiconductor particles whose luminescence

spectrum spans the visible range up to blue luminescence

in silicon nanocrystals.33

The LAL-produced nanodispersed InP with crystal size

of up to 100 nm is considered as a material for optoelec-

tronics and biomedicine.34 The attention was drawn to

PbTe, as it has a narrow bandgap (0.32 eV) and a large

exciton Bohr radius (46 nm). This implies that the size effect

should be manifested even for rather coarse particles. This

material is promising for solar-battery cells,35 ± 37 telecom-

munication systems,38 field effect transistors 39 and for the

generation of thermoelectricity and enhancement of the

image contrast in microbiological research.40

Laser ablation is an efficient method for the synthesis of

various carbon structures, for example, fullerenes,41 carbon

nanotubes,42 polyynes described as H7(C:C)n7H.43 The

polyynes are used to design one-dimensional conductors;

they can also be utilized to form other carbon structures.

Attempts to prepare polyynes by the LAL technique were

made in several works.44 ± 47 Tabata et al.47 performed the

synthesis with the use of colloid solutions of 5 nm diamond

and graphite particles in ethanol. The second harmonic of

the Nd : YAG laser was used [l=532 nm, tp=7 ns, radi-

ation fluence (rE) 1.3 J cm72]. This gave polyynes up to

n=16. When diamonds were used as precursors, the

average chain length in the products of synthesis increased.

For coarser diamond particles, the yield increased, but, as in

the case of long-term laser irradiation, the average length of

polyyne molecules decreased.46

Yet another group of materials obtained by LAL com-

prises organic compounds.48 ± 52 Despite the formation of

some decomposition products, it is possible to preserve the

chemical structure of the ablated compounds. By means of

the LAL method, one can prepare colloid solutions of

nanoparticles of insoluble organic compounds in order to

form films and to use these solutions for the subsequent

pharmacological synthesis.48 For example, perylene-

3,4,9,10-tetracarboxylic dianhydride exhibits semicon-

ductor properties owing to the extended p-bond system.48

More intricate, for example, biological items can also be

ablated. Calcium phosphate nanoparticles were produced

by ablation of fish bones without precalcination 53 and

hydroxyapatite nanoparticles were obtained by ablation of

precalcined fish bones.54 Both these materials (especially

hydroxyapatite) are successfully used in orthopaedy

and prosthetic dentistry.55 The ablation in deionized water

by a CO2 laser [l=10.6 mm, tp=10 ms, n=10 ± 16 kHz,

Ep=2 ± 2.52 mJ, rW=(1 ± 1.4)6106 W cm72, W=

100 W; here and below n is the pulse repetition rate, rw is

the pulse power density, W is the average radiation power]

gave the hydroxyapatite nanoparticles from the synthetic

bulk material.55 When ablation was carried out for calcined

fish bones, the nanoparticles thus formed contained the

tricalcium phosphate phase in addition to the hydroxy-

apatite. The tricalcium phosphate nanoparticles are of

particular interest as they are biodegradable and, hence,

they are used as bone implant components to be subse-

quently replaced by natural bone tissue and for targeted

drug delivery. These studies were continued and it was

concluded 56 that hydroxyapatite is converted to tricalcium

phosphate owing to the high temperatures during laser

ablation.

The above list of ablated compounds and practical

applications of the resulting materials clearly demonstrates}N Donato, F Neri, G Neri, M Latino, F Barreca, S Spadaro,

I Pisagatti, G Curro Thin Solid Films 520 922 (2011).
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the versatility of the LAL method for the production of a

variety of nanodispersed materials.

2. Characteristic features of laser ablation in liquid and
model concepts
The advantages of the LAL method include 40 environ-

mental friendliness, in particular, owing to the absence of

by-products; availability of the starting materials; the pos-

sibility of preserving the chemical composition of the target;

no need of vacuum or high temperatures and pressures. The

preparation of colloid solutions by LAL, unlike traditional

chemical methods, does not require auxiliary (often corro-

sive) reagents.

A specific feature of LAL is that expansion of laser-

induced plasma is held back by the condensed medium. This

leads to generation of a shock wave and local pressure and

temperature buildup.40 According to examination of the

emission spectra of the plasma C2 molecules formed upon

exposure of a graphite target to Nd : YAG laser pulses

(l=1064 nm, tp= 20 ns, rE=10 J cm72) in water, the

plasma temperature was 5000 K.57

The following data about the pressure achieved in the

ablation area are available. When laser pulses

(l=1064 nm, tp of several tens of nanoseconds,

rW=10 GW cm72 ) act on an aluminium target immersed

in water, the pressure in the laser torch is 5.5 GPa.58 A

plasma-induced pressure of up to 2 ± 2.5 GPa achieved upon

irradiation of aluminium in water with an excimer laser

(l=308 nm, tp=50 ns, rW=1± 2 GWcm72) was

reported.59 According to another publication,60 an increase

in the pulse duration from 3 to 30 ns results in decrease in

the maximum pressure from 10 to 5 GPa.

The fact that high pressures may be achieved in the laser

plasma confined by a liquid medium indicates the possibility

of nanodiamond synthesis by LAL upon irradiation of

graphite by Nd :YAG laser pulses (l=532 nm) in

water 61, 62 or acetone.63 It is known that diamonds are

formed only at fairly high pressures and temperatures. It

was reported 58 that at 4500 K and 10 Gpa, the critical size

of the diamond nucleus is 10 nm. The cited study considers

specific aspects of the LAL method.58

Of no less importance is fast cooling of the ablated

material by the surrounding liquid. Saito et al.64 reported

comparative results of high-speed shooting of laser plasma

in water and in air (Fig. 1). It was concluded that the

plasma lifetime (t) is an order of magnitude longer in air.

However, it is necessary to take into account not only the

plasma lifetime but also the kinetics of the development of

plasma. In this respect, comparison of the photographic

images reveals an even more surprising result. Whereas for

ablation in the gas medium, the plasma luminescence

reaches a maximum at t& 300 ns, for the ablation in liquid,

the luminescence intensity maximum cannot be detected as

it is attained in less than 21 ns (Fig. 2). Thus, cooling of the

plasma starts almost immediately after the pulse is over.

It was noted 34 that high volatility of phosphorus is a

severe problem in the preparation of InP nanoparticles by

ablation. The authors expected that during LAL, high

pressure in a bubble will restrict the evaporation of phos-

phorus and the fast cooling of the ablation products will

stop this undesirable process. They actually were able to

obtain indium phosphide nanocrystals contaminated with

indium oxide by ablation in water. They used a nitrogen

laser (l=337 nm, tp= 10 ns, n=10 Hz, Ep= 7 mJ, focal

spot diameter 100 mm). Nanodispersed InP was obtained 65

by ablation in ethanol using Nd : YAG laser radiation with

Q factor modulation. The laser radiation power was

<0.5 mW. Two wavelengths were used, 266 and 532 nm.

In the former case, due to a great radiation absorption

coefficient, smaller particles were formed (2 ± 3 nm) and the

cooling rate was higher (according to authors' estimates,

1.561018 K s71). The particles did not have time to form

the crystal structure. When radiation at l=532 nm was

used, particles with up to 10 nm size and clear-cut crystal

structure were formed. The cooling rate was estimated to be

three orders of magnitude lower in this case. For estimation,

the following expression was used:66

DT
Dt

�����
cooling

� �1ÿ R�Wa3tp 2D
rCp

where R is the reflection coefficient, a is the light absorption

coefficient, D is the thermal diffusion coefficient, r is the

substance density, Cp is the substance heat capacity. It was

assumed that heat diffusion occurs by the distance a71 and

that this requires time aÿ2/2D.

a b

1 mm1 2 3

4 5 6

7 8 9

1 2

3 4

Figure 1. Variation of the laser plasma luminescence intensity after the action of a pulse from a Nd :YAG laser (l=1064 nm, tp= 20 ns,
rE=10 J cm72) on a graphite target in air (a) and in water (b).64

(a) t /ns: (1) 21, (2) 46, (3) 56, (4) 86, (5) 256, (6) 356, (7) 556, (8) 756, (9) 1080; (b) t /ns: (1) 21, (2) 40, (3) 60, (4) 80.
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The features of LAL and the models that describe it can

be grasped and verified by comparing the effects of laser

pulses in liquid and gas media. Liu et al.67 compared the

results of treating monolithic silicon surfaces with femto-

second laser pulses in various media (water, ethanol, air).

Liquid medium was found to enhance the ablating effect of

laser pulses. Analogous studies of silicon ablation in various

media were carried out by other researchers.68, 69 They used

a titanium sapphire laser (l=800 nm). The pulse duration

and repetition frequency were several femtoseconds and

1 kHz, respectively, while the pulse energy varied continu-

ously. The differences between the ablation results in differ-

ent media are demonstrated in Fig. 3. First of all, attention

is drawn by the smoothness of the crater walls and larger

size of the craters formed upon ablation in the liquid

medium. This is attributable to the above-noted restriction

to the expansion of laser plasma by the medium, resulting in

shock wave generation and pressure and temperature

buildup in the local area. Presumably, the shock wave

carries away the ablation products to the liquid medium,

thus preventing them from deposition on the surface being

ablated. The higher efficiency of ablation in liquid was

quantitatively characterized in the following way. First,

the authors approximated, as described in the literature,70

the variation of the crater diameter (D) squared vs. the pulse

energy by the linear dependence

D2 � 2o2
0 ln

�
Ep

Eth

�
where o0 is the beam radius in the focal plane, Eth is the

threshold energy above which the ablation starts. The

threshold fluence was determined from the equation

Fth �
2Eth

po2
0

This parameter was found to be 1.3 ± 1.4 higher in air than

in the liquid medium. This was attributed, to some extent,

to the fact that, according to authors' calculations, the

reflection losses of the incident beam energy are lower by

9% in the liquid medium. Attention was drawn to one more

property of the medium, which may affect the productivity

of the LAL method: as a femtosecond pulse runs through

ethanol, the intensity of supercontinuum generation is an

order of magnitude higher than in the case of this pulse
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Figure 2. Variation of the laser-induced plasma luminescence
intensity after the action of a pulse from a Nd :YAG laser
(l=1064 nm, tp= 20 ns, rE=10 J cm72) on a graphite target in
water.64

t /ns: (1) 21, (2) 40, (3) 60, (4) 80, (5) 100.

5 mm

5 mm 5 mm 5 mm

5 mm5 mm5 mm

5 mm 5 mm

2 mm
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Water
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Figure 3. Photomicrographs of the craters formed upon ablation of silicon in various media at different pulse numbers (N )
(Ep=2.5 mJ).67
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running through water. The authors believe that the energy

lost for supercontinuum generation is a reason for lower

efficiency of ablation in ethanol than in water.

Two mechanisms of nanoparticle formation are dis-

cussed in a paper 56 devoted to the ablation of hydroxyapa-

tite in the aqueous medium. According to one of them, a

laser beam heats a thin surface layer of the target until it

melts. The target melting point is much higher than the

boiling point of water and bubbles of the superheated steam

tear the melt into spherical nanodrops, which are rapidly

cooled in the aqueous medium. The second mechanism is

mainly applicable, in the authors' opinion, to materials with

low heat conductivity. In this case, if the power of the laser

pulse is sufficient, the formed melt is strongly locally over-

heated and expands with explosion, not only melt drops but

also crystalline fragments of the target being discharged to

the environment. In terms of these views, it is possible to

explain the retention of complex organic molecules upon

ablation in the liquid medium. Indeed, it is not appropriate

to restrict all processes that accompany laser ablation to

generation of high temperatures and pressures. This is

indicated, for example, by the following fact. The pery-

lene-3,4,9,10-tetracarboxylic acid anhydride microcrystals

were successfully dispersed down to sizes of tens of nano-

metres without changes in their chemical structure (perylene

and C8 , C10, C12 and C14 polyynes formed as by-prod-

ucts).48

The ablation of CaMoO4 and CaWO4 ceramic targets by

the Nd : YAG laser fourth harmonics in ethanol was carried

out.6 The following assumption was made: if several laser

pulses hit one and the same point of the target, a bubble of

about micrometre in size, i.e., much larger than the nano-

particles, can be formed from the ethanol vapour. Hence,

ablation takes place to the gas medium. However, it should

be borne in mind that the formation of a gas bubble of this

size may essentially decrease the energy of laser radiation

that hits the site of bubble attachment to the target as a

result of defocusing.

An interesting observation was made by researchers 71

who performed ablation of titanium in deionized water

induced by IR radiation (l=1064 nm, tp=10.4 ps,

Ep=4 mJ at n=50 Hz, which corresponds to W=

200 mW). They found that some of the formed spherical

titanium monoxide particles have voids (Fig. 4). This was

attributed (see also Refs 72 and 73) to the fact that the

nucleation and condensation of the ablated substance occur

at the interface between the liquid and gas bubbles, and this

diminishes the interface free energy. Note that this inter-

pretation does not coincide with the generally accepted view

that spherical particles are formed from drops of the melt.

Then the voids may have appeared in the following way. A

spherical drop of the melt is rapidly cooled down due to

heat removal from the surface. As a result, a void appears

inside the drop. For the void volume to be one-eighth of the

sphere volume (as shown in Fig. 4), the drop volume should

be set constant (be coated by a solid crust) when the

temperature inside the main bulk of the melt (T0) is

15008C higher than the melting point (Tl = 2150 K). Let

the drop diameter be 2 r=100 nm. The energy flux density

through the drop surface at some instant of time during

drop cooling can be expressed in two ways. On the one

hand, this is energy given off by the drop as it is cooled by

dT degrees in time dt (for simplicity, assume that the

variable T runs over values from T0 to 0) divided by the

drop surface area (S) and, on the other hand, this is the

product of substance heat conductivity by the temperature

gradient

CVrdT
Sdt

� K
T�t�
r

C is the specific heat capacity (*800 J kg71 K71), V is the

particle volume,

V � 1

3
rS

r is the substance density (*2000 kgm73 ), S is the particle

specific surface area, t is the cooling time, K is the heat

conductivity (*1 W K71 m71).

From this, we found that

ln
T0

T1

� 2K

Cr2r
t

by substituting the numerical values we have t=0.5 ± 1 ns

and the average cooling rate is 41012 K s71. It is these

estimates that are indicated in publications dealing with

laser ablation in liquids.

Thus, performing ablation in a liquid medium, first,

increases the efficiency of the process and, second, prevents

destruction of ablated substances, as shown in relation to

readily destroyed phosphides and organic compounds.

3. Technical implementations
The LAL technique is distinguished by simple technical

implementation. A compact target is placed on the bottom

on a vessel filled with a liquid. A laser beam is focused onto

the liquid/target interface. Actually, this is the basic config-

uration of the setup.

However, depending on the task to be solved, some

auxiliary systems and devices can also be used. For exam-

ple, to prevent the oxidation of particles, inert gas is

bubbled into the liquid and to induce oxidation, oxygen is

bubbled. Magnetic stirring is used to homogenize the

colloid solution of nanoparticles; alternatively, the vessel

with the liquid is placed into an ultrasonic bath (Fig. 5). If

20 nm

Figure 4. Photomicrograph of a hollow TiO particle.71
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repeated treatment of highly dispersed particles is required,

the laser beam is directed parallel to the target surface

through the colloid solution bulk. In a publication,4 splash-

ing of the liquid occurred as the radiation power increased.

In order to avoid the undesirable consequences, the authors

directed the radiation at the Brewster angle (Fig. 6) and to

minimize the reflection losses, p-polarized radiation was

used.

A key problem solved by LAL is preparation of a colloid

solution of nanoparticles by disintegration of the appropri-

ate compounds. From a colloid solution, dry nanoparticles

can be recovered, or it can be used for the formation of films

and coatings, for the subsequent synthesis in the case of

insoluble compounds, and so on. In some cases, for solving

problems of this type, starting materials already disinte-

grated in some way are used. Ruth and Young 74 considered

the effect of laser treatment on the properties of CdSe and

CdTe colloid solutions obtained by LAL. They used a

Nd : YAG laser (l=532 nm, tp=600 ns, Ep=1 ± 7 mJ,

rW=5± 30 MW cm72).

The observed changes in the transmission spectra can be

attributed, at the first glance, to agglomeration (which may

be promoted by laser radiation) and precipitation of par-

ticles. However, normalization of the spectra in the visible

region (Fig. 7) reveals an increase in the short-wavelength

absorption, which in turn attests to a decrease in the

average particle size. This effect can also be due to both

predominant precipitation of large particles and particle

disintegration under the action of laser radiation. After

being kept for several weeks, the colloid solutions remained

stable; therefore, the authors gave preference to the model

of particle disintegration by laser radiation. Meanwhile,

additional irradiation of a degassed colloid solution did

not change considerably the transmission spectra, which

rather indicate that the spectral changes occurring upon

additional treatment (Fig. 8) are caused by oxidation of the

substance.

Apart from the repeated irradiation of the nanoparticles

prepared by LAL, in some studies, the microparticles

(HfS3 ,75 Ag2S,76 FeO,77 Bi2Te3,78 Si 79, 80) prepared prelimi-

narily by other methods were subjected to laser radiation. It

was noted 81, 82 that this approach increases the productivity

of the method with respect to ablation of monolithic

materials. Ablation of a suspension of microparticles was

Mirror

Lens

Femtosecond laser

Ultrasonic bath

Liquid Target

Figure 5. Schematic diagram of a typical experimental setup for
LAL.19

Suspension

Splash of
suspension
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Lens

Half-wavelength
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Laser beam

Figure 6. Geometry of irradiation of a solution.4
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Figure 7. Non-normalized (a) and normalized (b) absorption
spectra of CdSe particles in acetonitrile (1) and additionally treated
colloid solutions (2 ± 4) at a repetition frequency of 1500 Hz, a
pulse energy of 1.8 mJ and the same wavelength.74

(1) CdSe particles in acetonitrile; treatment of colloid solutions for
20 (2), 40 (3) and 80 min (4).
All spectra were recorded at room temperature and corrected for
scattering and absorption by the solvent. Figure 7 b shows the same
spectra normalized with respect to each other at 300 nm.
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used 40 to prepare PbTe nanoparticles. The production of

4 ± 6 nm nanoparticles (80% of the material) from the pre-

dispersed compound (20 ± 100 mm) required a five-minute

irradiation by 200 mJ Nd :YAG laser pulses at l=532 nm

and 400 mJ pulses at l=1064 nm. This yielded 50 mg of

nanodispersed PbTe. The above attests to high performance

of LAL applied to a pre-dispersed material. Note for

comparison that in another study,33 an order of magnitude

longer LAL process was used for monolithic silicon (for the

same amounts of substances).

It follows from the foregoing that the LAL method,

which is easily technically implemented, provides a high

degree of material dispersion and is suitable for the addi-

tional dispersion of materials disintegrated by other meth-

ods.

4. Ablation in liquid accompanied by chemical reactions
The LAL method was used to synthesize silver selenide

nanoparticles from silver nitrate and selenium powder

added to a mixture of isopropyl alcohol and ethylenedi-

amine followed by argon purging to remove the dissolved

oxygen.1 The radiation of a neodymium laser (l=
1064 nm, tp=7 ns, n=10 Hz, rW=109 W cm72, t=

30 min) was used. The silver selenide thus obtained was

characterized by powder X-ray diffraction, electron micro-

scopy and X-ray photoelectron spectroscopy. The average

size of spherical Ag2Se particles was 30 nm and it increased

when the reaction was performed in pure isopropyl alcohol

or when the time of treatment increased from 30 to 90 min.

Thus, in the study cited,1 the LAL method actually per-

formed the same function as microwave radiation in the

synthesis of copper selenoindate in polyethylene glycol from

copper chloride, indium acetate and selenium powder.83

Using laser ablation in oxygen-containing liquids, it is

possible to form an oxide film on the surface of nano-

particles immediately after they have formed. When such

film is present, the surface is passivated, the concentration

of surface defects decreases, and this is beneficial for some

properties, in particular, luminescence properties (the half-

width of the luminescence spectral line decreases), as was

shown for silicon.33

The ablation of InP in water was accompanied 34 by

partial oxidation, and traces of indium oxide were detected

(nothing was said about preliminary removal of oxygen

from water). Note that ablation of various metals in water

was reported to be usually accompanied by partial oxida-

tion of the product.84 This is also indicated by other studies:

copper ablation in water gives CuO nanoparticles,85, 86

indium gives In2O3 ,24 tin is converted to SnOn72 (Ref. 87)

and ablation of magnesium produces Mg(OH)2 .88 The

mechanism of metal oxidation during the ablation in water

has been discussed.87 ± 89

Meanwhile, bismuth telluride was produced by ablation

in water and no signs of oxidation were detected.81 A

similar result was reported for zinc selenide and cadmium

sulfide.90 When these compounds were ablated in water,

isobutyl alcohol, diethylene glycol, ethanol or dimethyl

sulfoxide, nanoparticles of the same compounds were

formed. The ablation in water did not result in a change in

the chemical composition of CdS or As2S3 ,30 and the

structure of PbTe was retained after ablation of a suspen-

sion of its microcrystals in water for 5 min but degraded

after long-term (45 min) ablation.40

The use of organic liquid media in some cases restores

the ablated material. For example, ablation of CuO in

isopropyl alcohol induces a process opposite to the process

involved in the copper ablation in water (see above),

particularly, copper nanoparticles are formed.91 Tsuji

et al.20 ablated cobalt and cobalt oxides (CoO, Co2O3) in

water and hexane using the third harmonic radiation from a

Nd : YAG laser (l=355 nm, Ep=30 mJ). It was found

that in water, all three starting materials produce cobalt

sesquioxide nanoparticles, while in hexane, the ablation of

cobalt and Co2O3 affords cobalt nanoparticles, and the

ablation of CoO gives mainly CoO nanoparticles.

By ablation in water, nanoparticles of

Sr2MgSi2O7 : Eu2+,Dy3+, which is a luminophore with a

long luminescence relaxation time, were reported.18 The

researchers found that in addition to the nanoparticles

having the same composition and structure as the target,

the SrCO3 particles were formed as a by-product when the

target material reacted with carbon dioxide dissolved in

water. As expected, the amount of the by-product increased

with increase in the laser radiation fluence (Fig. 9). The

third harmonic of a Nd : YAG laser was used (l=355 nm,

tp=50 ns, Ep= 0.5 mJ, n=4 kHz).

Magnesium ablation has been carried out in various

solvents.92 The first harmonic radiation from a Nd : YAG

laser was used (l=1064 nm, tp=5.5 ns, Ep=75 mJ,

n=10 Hz). This pulse energy corresponds to fluence of

0.27 or 33 kJ cm72 at the focal point. The treatment time

was 60 min. The ablation in acetone or isopropyl alcohol

yielded MgO and Mg nanocrystals, while in deionized water

or in aqueous sodium dodecyl sulfate, Mg(OH)2 nano-

crystals formed. It is noteworthy that the chemical compo-

sition and the structures of the ablation products formed in

deionized water and in sodium dodecyl sulfate dissolved in

water (0.08 mol litre71) coincide; however, their morpho-

logies are drastically different (Fig. 10).
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Figure 8. Absorption spectra of CdSe nanoparticles obtained by
primary ablation for 15 min in degassed acetonitrile (repetition
frequency 50 Hz, pulse energy 3 mJ, wavelength 532 nm) and
colloid solutions of these particles that were additionally treated
at repetition frequency of 1500 Hz, a pulse energy of 1.8 mJ and the
same wavelength.74

(1) Initial CdSe sample, (2) the sample after a 30-min irradiation,
(3) the sample after a 60-min irradiation, (4) the sample after a
120 min irradiation.
All spectra were recorded at room temperature and corrected for
scattering and absorption by the solvent.
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The possibilities of LAL as a tool for controlled and

targeted chemical synthesis were demonstrated 28 in relation

to the preparation of the double layered hydroxide

Mg6Al2(OH)18 . 4.5(H2O). The first harmonic radiation

from a Nd : YAG laser was used (l=1064 nm, Ep=

75 mJ, n=10 Hz). The time of magnesium ablation in

deionized water varied from 5 to 60 min. The aluminium

ablation time was invariably 30 min. The first stage was the

ablation of magnesium to give Mg(OH)2 , while the second

stage was aluminium ablation to give Al(OH)3 followed by

the formation of the double layered hydroxide. By varying

the duration of magnesium ablation, one can change the

concentration ratio of aluminium and magnesium hydrox-

ides in the solution. When the magnesium ablation lasts for

<25 min or >35 min, the excesses of aluminium hydrox-

ide and magnesium hydroxide, respectively, form separate

phases in addition to the double hydroxide phase, and the

interlayer spacing in the double hydroxide structure changes

only slightly (Fig. 11). When the ablation of magnesium

lasts for 25 ± 35 min, only double hydroxide structures are

formed with variable magnesium to aluminium ratio in the

positively charged layers. As the content of the doubly

charged (magnesium) ions increases, the electrostatic attrac-

tion between the layers diminishes and the interlayer spac-

ing grows. Thus, using the LAL method, it is possible to

control the composition of the phase being synthesized

within the homogeneity region.

It was noted 30 that low stability of the colloid solutions

obtained by the LAL method is the 'cost' of the convenience

of application of this method, and it was proposed to use

more viscous media. For example, a colloid solution in

ethanol obtained by LAL can be dissolved in oil and the

ethanol can be evaporated.

The ablation of silicon in a liquid solution of ethyl

polysilicate in an ethanol ± ethyl acetate mixture was

reported.33 Just after the ablation, the colloid solution was

sonicated and heated for polymerization (curing) at *50 8C
for 24 h. The presence of the silicon-dioxide-based polymer

in the liquid medium promotes passivation of the nano-

particle surface as a result of formation of the oxide film;

this treatment gives rise to blue luminescence. For surface

passivation and appearance of blue luminescence in an

aqueous colloid solution, it had to be stored for several

weeks.93

Thus, the LAL method can be utilized for conducting

chemical reactions. By varying the conditions of the laser

ablation in liquid, one can adjust the process to be accom-
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Figure 9. Percentages of the luminophore Sr2MgSi2O7 :Eu2+,Dy3+ (1)
and the by-product SrCO3 (2) in ablated material vs. radiation
fluence.18
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Figure 10. TEM images (on the left) and X-ray diffraction patterns (on the right) of the products of magnesium ablation in deionized water
(a) and in a 0.08M solution of sodium dodecyl sulfate (b).92
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panied by both partial (or complete) oxidation of products

to give oxides or chalcogenides and reverse process, i.e., the

reduction of the ablated oxides. Moreover, nanoparticles of

complex oxides with controlled stoichiometry can be

obtained.

5. Effect of the medium on laser ablation in liquid
A liquid medium can either accelerate 94 or substantially

decelerate 95 sedimentation. The stability of an aqueous

colloidal silver solution decreases upon the addition of

NaCl.96 Upon increase in the sodium dodecyl sulfate con-

centration, the average particle size of silver decreases and

the colloid solution becomes more stable.95 In a study of the

effect of water, toluene, ethanol and xylene on the CdS and

As2S3 nanoparticle size,30 the following conclusions were

made taking into account the position and the slope angle of

the fundamental absorption edge of colloid solutions. In all

cases, except for xylene, the nanoparticle size and suspen-

sion stability did not depend on the solvent. When xylene

was used, coarser particles with a narrow size distribution

formed and the colloid solution was more stable with

respect to sedimentation. However, the shift of the funda-

mental absorption edge of the colloid solution observed in

xylene was rather attributed to solvatochromic effect and

not to increase in the particle size. Taking account of this

effect, the particle sizes were estimated as follows:

1.5 ± 2.3 nm for CdS and 1.5 ± 3 nm for As2S3. As regards

the narrower particle size distribution and the colloid

solution stability, these were attributed to higher xylene

viscosity compared to other solvents used in the work. This

attests to advantages that can be gained by using high-

viscosity organic solvents. For example, it was noted 97 that

a narrower CdS particle size distribution is obtained in

polyvinylpyrrolidone (PVP) than in water. In another pub-

lication,98 PVP was used to stabilize a colloid solution of

metallic particles exhibiting nonlinear optical properties.

Most liquids have a negative sign of the thermal optical

nonlinearity of the refractive index, resulting in beam self-

defocusing upon laser ablation. In this respect, water is a

specific medium for laser ablation,74 as its heat capacity and

heat conductivity are *2 and *3 times, respectively, higher

than those of other liquids used and the temperature factor

of the refractive index is 4 ± 5 times lower. This was invoked

to explain the difference between the transmission spectrum

of a CdSe colloidal solution prepared by LAL in water and

the spectra of CdSe solutions obtained in other media

(Fig. 12). Laser pulses of 600 ns duration were used for

which the thermal optical effects are significant.

However, it was pointed out 32 that the luminescence

properties of CdS and GaAs colloidal solutions rapidly

degrade in water, while in ethanol, they are preserved for

at least a year.

A colloid solution of perylene-3,4,9,10-tetracarboxylic

acid dianhydride nanoparticles was prepared by LAL.48 The

researchers used a suspension of microparticles and third

harmonic radiation from a Nd :YAG laser. The nanopar-

ticles were formed only in polar solvents (water or ethanol),

while in non-polar solvents (cyclohexane and toluene), no

nanoparticles could be obtained. The authors explained this

by assuming that polar solvents prevent the nanoparticles

from aggregation.

Thus, the nature of the liquid medium considerably

affects the outcome of laser ablation. When choosing the

liquid medium, one should consider not only its chemical

properties but also the rheological, optical (including non-

linear optical), thermal, dielectric and some other proper-

ties.

6. Effect of laser treatment parameters on the ablation in
liquid
The choice of the laser radiation wavelength was discussed

in a number of works (see, for example, Ref. 30). The

following has to be taken into account. On the one hand,

radiation should be absorbed by the ablated substance, and

this is determined by the position of the fundamental

absorption edge. Simultaneously, the ablated nanoparticles

would also absorb radiation and decrease the process

efficiency (the methods for partial removal of the nano-
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Figure 11. Interlayer spacing in Mg6Al2(OH)18 . 4.5H2O vs. mag-
nesium ablation time (for ablation conditions, see the text).28
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Figure 12. Absorption spectra of suspended CdSe nanoparticles
obtained by ablation in different solvents.
Solvent: (1) acetonitrile, (2) acetone, (3) butan-2-ol, (4) ethanol,
(5) water.74

All spectra were normalized at 350 nm. In all cases, n=50 Hz, Ep

(mJ) and t (min), respectively: for acetonitrile, 3.5 and 3; for
acetone, 1.0 and 30; for butan-2-ol, 7.0 and 30; for ethanol, 1.5
and 60; and for water, 3.0 and 60 (off-focus).
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particles from the ablation zone fail to solve this problem

completely). The position of the fundamental absorption

edge depends on the particle size if it is smaller than the

exciton Bohr radius (RB). The parameter RB is mainly

determined by the substance nature. For CdS, CdSe, Ge

and PbS, it is 3.05, 4.9, 24.3 and 18 nm, respectively. The

nanoparticle size, in turn, depends on the wavelength of the

radiation used. For example, a study of the LAL of silver

(l=355, 532 and 1064 nm) showed 29 that at l=355 nm,

the laser ablation is most efficient and the particle size

distribution is much narrower than at l=1064 nm.

According to Singh et al.,22 the third harmonic wavelength

of a Nd : YAG laser was also chosen as most efficient in the

ablation of Gd2O3-based ceramics doped by erbium and

ytterbium, which is caused by the strong enhancement of

the radiation absorption by the colloid solution on going to

the first harmonic. By the efficiency of ablation is meant the

process productivity. In the same publication, the optimal

radiation intensity was 81 J cm72; at this intensity, com-

pletely spherical nanoparticles were formed.

Using a Nd :YAG laser in the Q-factor modulation

mode (n=10 Hz, tp=5 ns, Ep=12 mJ), InP nanopar-

ticles were obtained.65 As a result of focusing, the fluence

was 3.5 J cm72. Ethanol was used as the liquid medium.

Fourth harmonic radiation (l=266 nm) gave rise to

2 ± 3 nm non-crystalline particles, while second harmonic

radiation (l=532 nm) resulted in 4 ± 10 nm particles with a

well-formed crystal structure (Fig. 13). The ratio of phos-

phorus and indium contents was 2 : 5 when long-wavelength

radiation was used and 1.21 : 1 in the case of short-wave-

length radiation. The observed effect of the radiation wave-

length on the properties of the products of indium

phosphide ablation in ethanol was reasonably attributed to

the fact that the penetration depth of the short-wavelength

radiation is 9 nm and that for the long-wavelength radia-

tion is 105 nm. Hence, in the former case, much faster

heating and (what is more important) cooling of the

material take place, and these processes give rise to sharp

temperature gradients. A smaller amount of substance is

heated to a higher temperature. According to estimates, the

cooling rate was 1.4561018 K s71 in the former case and

1.161015 K s71, i.e., three orders of magnitude lower, in

the latter case.

Chubilleau et al.40 considered the effects of the wave-

length of a Nd : YAG laser, the duration of treatment and

the power of radiation on the ablation of PbTe pre-dis-

persed in water (20 ± 100 mm). The nanoparticle size, mor-

phology and the formation efficiency were analyzed. Three

laser radiation wavelengths were used, 1064, 532 and

266 nm; the pulse energy was varied from 120 to 400 mJ,

which corresponds to a fluence of *15 ± 60 J cm72 at the

focus and 7 ± 28 J cm72 on the solution surface. During the

treatment time of 1 ± 5 min, the number of pulses was

600 ± 3000. The highest energy of laser pulses is 120, 530

and 1100 mJ for l=266, 532 and 1064 nm, respectively;

however, in experiments, it was restricted by the value of

400 mJ in order to avoid the substance splashing. The

l=266 nm radiation was found to be relatively ineffective.

When irradiation was done by pulses at l=532 and

1064 nm and Ep = 200 ± 400 mJ, even after the first minute

of treatment, 67% of the particles were already 3 ± 7 nm in

size and 30% were 7 ± 30 nm in size. After five-minute

treatment, 80% of particles had a size of 4 ± 6 nm and no

particles larger than 20 nm were present.

Thus, longer treatment produced more monodisperse

particles. However, further increase in the treatment time

(up to 45 min) induced destruction of the compound, as was

indicated by X-ray diffraction patterns. Note that an

increase in the pulse energy from 200 to 400 mJ did not

lead to the expected decrease in the particle size. Analogous

results were obtained in another study.99 Presumably 40

(see also Ref. 99), in lead telluride ablation, increase in the

pulse energy results in warming-up, melting and, conse-

quently, in the aggregation of particles surrounding the

particle that has absorbed the photon. Thus, dispersion

and aggregation counterbalance each other. It was noted

that the particle size distributions after five-minute treat-

ments at l=532 nm, Ep= 200 mJ and at l=1064 nm,

Ep= 400 mJ are similar. However, the conditions of choice

for dispersion are l=1064 nm, Ep= 400 mJ and t=5 min.

Indium sesquioxide was prepared by ablation of indium

in water.24 The researchers suppose that increase in the laser

radiation intensity does not promote the formation of more

dispersed particles but the reasoning they give is different.

There are two key ablation mechanisms under the action of

a laser pulse: vaporization and microexplosion. The former

mechanism prevails at low radiation intensity. In a space

confined by a dense liquid medium with rather fast heat

withdrawal, phase nuclei are formed, rapidly grow and then

coalesce. The nanoparticle formation rate and nanoparticle

size are determined by the temperature and concentration of

the ablated substance. Larger particles (tens of nanometres

in size) are formed if the explosive ablation mechanism

predominates, while if vaporization prevails, more dispersed

particles (several nanometres in size) are formed. As applied

to the experimental conditions they used for ablation of

indium in water by means of second harmonic radiation

from a Nd :YAG laser (l=532 nm, tp= 5 ns, rE=
0.5 ± 10 J cm72), the researchers cited proposed 24 that

vaporization was the predominant mechanism and, there-

fore, the average particle size was <10 nm.

Nanoparticles of the luminophore Sr2MgSi2O7 : Eu2+,

Dy3+ with long luminescence relaxation time were pro-

duced by ablation in water.18 It was confirmed experimen-

tally that an increase in the radiation fluence leads to

particle coarsening (Fig. 14). The third harmonic of a

Nd : YAG laser was used (l=355 nm, tp= 50 ns, Ep=

0.5 mJ, n=4 kHz).

The effect of pulse duration on the results of LAL is also

miltifactorial.30 Nanosecond radiation is considerably

20 nm100 nm
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Figure 13. Electron microscope images of InP particles obtained by
ablation in ethanol at l=532 (a) and 266 nm (b).65

It can be seen in the X-ray diffraction patterns in the inserts that at
l=266 nm, the particles are amorphous.
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affected by thermal effects caused by linear absorption. For

shorter pulses, the multiple photon absorption and the

optical Kerr nonlinearity make their contributions. For

most of liquids, the sign of the thermal optical nonlinearity

of the refractive index is negative. This results in beam self-

defocusing, and, as shown, for example, in Ref. 29, the focal

point should be located 5 mm ahead of the target.

The use of femtosecond pulses allows for achieving

higher temperatures and pressures and for producing more

dispersed particles with a narrow size distribution.58, 100

Perhaps, it is the high temperature developed during the

femtosecond ablation of bismuth oxide in ethanol that is

responsible for its disproportionation with a 15% decrease

in the oxygen content with the crystal structure being

retained.19 Also, it should be borne in mind that bismuth

is located in the same row as chalcogens and its oxide has

moderate stability.

The role of the pulse duration was clearly demonstrated

by Dolgaev et al.,101 who ablated sapphire in aqueous

solutions. They considered this process to be largely deter-

mined by the attainment of high temperature and pressure,

which induce water transition to the supercritical state.

Evidently, this is impossible for long pulses (150 ms), and,
as it is shown, no sapphire ablation takes place.

Tsuji et al.4 carried out ablation of LiMn2O4 micro-

particles in aqueous medium using the fundamental har-

monic of the Nd : YAG laser (l=1064 nm, tp=6 ns,

Ep=30 and 150 mJ). It was found that increase in the

pulse energy substantially accelerates the process, while the

particle size is thus decreased.

An interesting scheme for investigation of the effect of

laser radiation intensity was implemented 102 in the produc-

tion of zinc oxides by ablation of zinc metal in deionized

water. The ablation was performed in three modes in

particular, the water ± zinc interface was located above the

focal plane (I), in the focal plane (II) or below the focal

plane (III). The results of experiments are given in Fig. 15

and in Table 1.

The considerably lower fluence (and the proper pulse

energy) for a position of the target below the focal plane

compared with the position above the focal plane is asso-

ciated with the energy loss for plasma formation at the focal

point in water.

Thus, the influence of laser radiation parameters (wave-

length, pulse duration and power, treatment time) is rather

intricate, which can be used to adjust the ablation condi-

tions for a particular task. In most cases, for preparing

monodisperse particles, it is desirable to use short pulses of

short-wavelength radiation of limited power.

Generally, it should be noted that LAL is a technically

simple method suitable for the preparation of diverse

materials in the nanodispersed state. An advantage of the

method is that the nanodispersed substance occurs in a

colloid solution and the particle size can be brought to

several nanometres. Therefore, this method is very efficient

for research. It is suitable for preparing a relatively small

amount of nanodispersed substance, which is quite suffi-

cient for scientific research.

III. Laser ablation in vacuum: thin film deposition

Currently laser ablation is considered to be an efficient and

flexible technique for the manufacture of thin-film micro-

and nanostructured materials. A procedure based on the

laser ablation phenomenon can be employed to produce

high-quality amorphous and crystalline, dielectric, semi-

conducting and conducting, mono- and multilayer, single-

and multicomponent thin films for solving a broad range of

tasks, in particular, in classical integrated optics, medicine,

electronics, etc.

The LAV process followed by deposition of the ablated

substance on a substrate underlies the method of pulsed

laser deposition (PLD) of thin films. The film deposition
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Figure 14. Average particle size of the luminophore
Sr2MgSi2O7 : Eu2+,Dy3+ vs. laser radiation fluence.18
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Figure 15. Photomicrographs of
ablation products for the target
located above the focal plane
(a), in the focal plane (b) and
below the focal plane (c).102

Table 1. Effect of laser fluence on the composition and structure of the
ablation products.

Target rE Average Particle Phases present
posi- /J cm72 particle size scatter
tion size /nm /nm

I 1.4 12 2 ± 45 TiO1.5

II 80 13 4 ± 205 TiO2 (rutile), TiO1.5

III 0.2 9 3 ± 75 TiO2 (anatase),

TiO1.5, Ti
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occurs in a vacuum chamber or in a reactive or buffer gas

atmosphere. The properties and the quality of produced

films depend on the deposition conditions, particularly, on

laser radiation parameters, vacuum chamber conditions,

composition of the target (elements or compounds) and

the substrate (amorphous or crystalline material), their

temperature, rotation rate, etc. Note that the formation of

laser plasma and specific features of its expansion and

deposition onto the substrate are determined by extremely

intricate and multifactorial physical processes dependent on

the whole set of experimental parameters. Detailed descrip-

tion of the plasma formation, expansion and condensation

processes that develop upon laser ablation is beyond the

scope of this review as it is comprehensively dealt with in a

number of monographs.103 ± 105 The key parameters of PLD

are described below and their influence on the chemical

composition, morphology and structure of the films being

formed is demonstrated.

The possibility of varying PLD conditions over a broad

range and the diversity of materials suitable as targets are

the factors responsible for the unique functional properties

of the thin-film structures that are formed. The PLD

method can be used to produce oxide, nitride, carbon-

containing, metallic, polymeric, etc. films with specified

contents of components; more than 200 sorts of films

prepared by this method were reported.106, 107

The undoubted benefits of PLD over other methods of

thin-film manufacture include the relative simplicity of

experimental implementation, minor engineering modifica-

tion of the setup for deposition of films of various types and

compositions, the possibility of using hybrid processes

(additional physical treatment Ð heating, irradiation,

etc.), flexible deposition conditions and fast system response

to the change in the treatment conditions. An important

advantage of the method is the possibility of material

transfer from the surface of a target with complex compo-

sition to the substrate without change in the chemical

composition, which is a consequence of the non-equilibrium

nature of laser ablation.107

The PLD method is used to produce thin films, which

are demanded in nearly any field of modern science and

technology Ð for the manufacture of transparent conduct-

ing oxide films, polymeric films, high-temperature super-

conducting films, thermoelectric, piezoelectric and ferro-

electric materials for electronic systems, various sensors,

medical drug delivery systems, etc. An important applica-

tion is the design of active and passive thin-film optical

components for the modern optical informatics.107 As a

rule, these optical components are based on amorphous or

crystalline thin films with desired linear/nonlinear response

coefficients and with minimized optical loss and minimized

number of defects.

1. Experimental implementation of pulsed laser deposition
a. Setup diagram

The basic configuration of the setup for pulsed laser

deposition of thin films is shown in Fig. 16. The film is

formed in the deposition chamber either in a high vacuum

or in the gas atmosphere of the specified composition. The

laser radiation is focused on the target surface at a 458 angle
through an optical window of the chamber. The formation

of a steady plume of the ablated substance is provided by

either laser beam scanning of the target surface (in this case,

the target surface area should be rather large, at least

1 cm2) 108 or by using a rotating target, in particular, a

target composed of many samples.109 In the latter case,

samples of different compositions can be combined in the

target, and, hence, thin films of specific chemical composi-

tion with unique properties can be obtained. In addition,

the use of a composite target comprising several samples, it

is possible to create multilayer thin-film structures with

individual compositions and structures of each layer.110

The substrate onto which the film is deposited is, most

often, located parallel to the target surface at a 2 ± 10 cm

distance from the target. In some cases, for obtaining the

desired chemical composition and structure of the film

being formed, the substrate is to be heated. A specific

feature of the scheme presented in Fig. 16 is the possibility

of thin film deposition onto the substrate using laser

heating. The major advantage of the optical heating is the

lack of mechanical contact between the heater element and

the substrate, which makes substrate rotation much easier.

The laser radiation source for substrate heating is chosen

taking into account the optical properties of the substrate to

ensure effective absorption of the optical radiation and,

hence, effective heating.

b. Laser sources

In the PLD of thin films a pulse laser serves as the energy

source for target vaporization and atomization, the laser

wavelength being chosen taking into account the optical

absorption of the target to ensure the sufficient absorption

of pulse energy and effective ablation of the substance. As a

rule, most of materials have high absorption coefficients in

the UV range; therefore, lasers that generate UV radiation,

first of all, excimer lasers are preferred for film PLD.

Laser ArF KrCl KrF XeCl XeF

l /nm 193 222 248 308 351

Currently, excimer lasers successfully compete with

Nd : YAG lasers, as they have higher UV photon energy

without the use of high harmonics.111

The first experiments on pulsed laser deposition and

formation of thin films on semiconducting, dielectric, chal-

cogenide and organometallic substrates were carried out by

Smith and Turner 112 using a ruby laser. Later, the possi-

bility of using a neodymium glass laser 113 and a CO2

laser 114, 115 was demonstrated. The development of laser

XeCl laser

Nd:YAG

laser

M1

Quartz lens

Substrate

Quartz
window

Target

Vacuum chamber

M2

Figure 16. Optical scheme of the PLD complex.
M1, M2 are interference mirrors; Nd : YAG laser is used for optical
heating of the substrate.
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technology made it possible to pass from millisecond pulses

and the quasi-steady-state ablation mode where the material

is ablated mainly due to thermal processes to ultrashort,

pico- and femtosecond laser pulses, and to development of

non-equilibrium processes determined by photophysical

ablation mechanisms and resulting in stoichiometric trans-

fer of the material from the target to the substrate.116, 117

It is noteworthy that the intensity of laser radiation and

pulse duration are the key laser parameters that determine

not only the ablation mechanism, the properties of the

ablated substance flux, the substance ionization degree, the

energy and velocity of ablated species but also (as a result)

parameters of the deposited film. From the standpoint of

PLD process efficiency, these parameters are considered to

be optimized if a monomolecular layer is deposited per

pulse. When producing thin films with desired functional

properties, which are mainly determined by the chemical

composition and the structure of the deposited substance,

particular attention should be devoted to optimization of

the above-listed key laser radiation parameters.

c. Effect of the laser radiation pulse duration

The pulsed laser deposition procedure for the formation of

film structures is based on the non-equilibrium nature of the

laser ablation process caused by the impact on the target of

short laser pulses with high peak intensity. In most cases,

the laser-induced vaporization from the target surface is

governed by the heat diffusion length, which is proportional

to
�����
tp
p

. It is believed that for >20 ps pulses, the laser

ablation occurs due to thermal processes.118, 119 In the case

of shorter pulses, the optical impact time is shorter than the

characteristic time of transformation of the absorbed energy

to heat. From the physical standpoint, this means that only

photoexcitation and fast electronic processes (including

electron emission) develop during the pulse impact time,

and this results in efficient ablation of the substance.

Thus, the physics of laser ablation processes developing

under the action of pulsed radiation is mainly determined

by laser pulse duration, which considerably affects the

properties of the films being formed. The plasma images

taken 10 ns after the impact of femto- and nanosecond laser

pulses on the silicon surface are presented in Fig. 17.

According to calculations based on experimental data,

the shock wave front propagation velocities measured 5 ns

after the pulse were 13.66105 and 7.96105 cm s71 for

femto- and nanosecond laser treatment, respectively. In

addition, note the strong effect of the laser pulse duration

on the pattern of plasma propagation: in the case of femto-

second pulses, the velocity of plasma propagation in the

direction normal to the target is much higher than the

propagation velocity in the transverse direction (parallel to

the target); in the case of nanosecond laser pulses, the

plasma propagation velocity is nearly the same in any

direction.

Studies of the effect of laser pulse duration on the PLD

processes demonstrated that pulses of about 10 ns (or

longer) have adverse influence on the morphology and the

properties of the target, because the target surface is

destroyed (caverns and microcracks are formed) and the

composition changes as a result of chemical reactions. The

change in the target properties deteriorates the properties of

deposited films due to the increase in the numbers of drops

and clusters in the flux of ablated substance and disruption

of the chemical composition. Decrease in the pulse dura-

tion, in particular, transition to subpicosecond pulses,

minimizes the structural damages of the target and

improves the properties of the films.121 ± 123

The use of femtosecond laser pulses substantially (by

1 ± 2 orders of magnitude) reduces the laser ablation thresh-

old and brings the process efficiency closer to 100%. In this

case, the laser radiation energy is spent almost completely

for substance ionization and ablation, and the thermal

effects determining the presence of microdrops in the

ablated substance flux are minimized.119 Yet another

important feature of the use of ultrashort laser pulses is

the possibility of very precise control over the amount of

ablated substance (and, hence, the film deposition rate),

which is a key parameter determining the functional proper-

ties of films. For example, it was shown 122 that for the use

of 34 ns and 450 or 50 fs laser pulses (for fluences of 4, 4

and 0.4 J cm72), the AlN film deposition rate decreased

from 0.7 to 0.01 and 0.0033 �A per pulse.

d. Effect of laser radiation energy

The energy parameters of the laser radiation used to initiate

the ablation in the PLD method are very significant, as they

influence the mechanism of substance removal from the

target and the properties of the films being deposited.

When the laser radiation power is low or/and the optical

absorption coefficient of the material is low, local heating of

the target surface most often takes place followed by the

vaporization of the substance or its components (when the

target is multicomponent), which obeys the thermodynamic

laws of vaporization at the interface. On further increase in

the energy of laser pulses as the laser ablation threshold is

reached, plasma is formed, the velocity of its particles being

dependent on the radiation parameters.

Numerous experiments dealing with the effect of the

laser fluence on the composition, structure and morphology

of films demonstrated that there is a rather narrow range of

particle energies (from *10 to *40 eV) that is suitable for

manufacturing films with desired quality and properties.124

When the particle energy is <10 eV, the layer-by-layer film

growth is inefficient, while for energies of >40 eV, notice-

able particle diffusion takes place, resulting in the penetra-

tion of atoms of the film into the substrate structure and

formation of defects.

When crystalline films are manufactured by PLD, the

type of crystalline phase being formed also depends on the

ba

50 mm50 mmC C

S S
I

A

Figure 17. Plasma images obtained 10 ns after the action of femto-
(a) and nanosecond (b) laser pulses on a silicon surface.120

C is the contact front between the ionized target material and the
ionized atmosphere, I is the ionization front, S is the shock wave
front, A is gas discharge plasma.
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laser pulse energy. As a rule, when the pulse energy is

relatively low, the crystal structure of the film is feebly

pronounced; as the radiation power increases, the resulting

films have clear-cut (predominant) crystalline phase; upon

further increase in energy, polycrystalline structures are

formed.125 ± 127 In certain cases, the change in the energy

parameters of the laser radiation induces a change in the

type of the crystal phase formed.128

It is believed that this pronounced influence of the laser

radiation power on the film structure is related to the kinetic

energy of the ablated species. This energy should be suffi-

cient for the atoms that reach the substrate to be able to

migrate over the substrate surface and to occupy energeti-

cally favourable positions for the formation of a particular

crystalline phase.119, 126

The use of laser radiation with high fluence

(>5 J cm72) provides high rates of ablation (*0.01 nm

per pulse). The kinetic energy of the ablated species is high

and can reach 100 eV, which provides conditions for the

deposition of nanocrystalline and amorphous films with

unique structure and chemical composition. Most often,

such films are metastable.108, 129 ± 131 The formation of films

of this type is possible due to efficient mixing of components

of the ablated substance being deposited on the substrate

and insertion of high-energy plasma particles into the

substrate structure or into the surface layer of the already

deposited film. Usually films deposited at high laser inten-

sities have high adhesion to the substrate.108 The negative

effects associated with film deposition under the high-power

laser radiation include resputtering of the substance from

the film surface back to the chamber and, as a consequence,

decrease in the deposition rate. In the deposition of multi-

component films, the resputtering from the substrate to the

chamber can also distort the chemical composition of the

films due to different efficiencies of resputtering of various

elements.124, 132 ± 134

e. Atmosphere in the deposition chamber

The introduction of a buffer gas into the chamber is the

most effective way to minimize the resputtering. The

interaction of ablated substance species with the gas

reduces the energy of plasma particles. This eliminates

the resputtering effect and, despite the decrease in the

number of species that hit the substrate surface, the film

deposition rate increases. The decrease in the number of

species that hit the substrate is caused mainly by scattering

of high-energy species on the atoms of the gas; slower

species of the ablated substance reach the substrate sur-

face.108, 135

When the buffer gas pressure in the ablated substance

flux is high, the shock wave front is formed (Fig. 18); this

affects considerably the pattern of propagation of the

ablated substance flux, which expands in the wave front,

the velocity of plasma particles in it being further decreased.

Thus, when a buffer gas is used to reduce the expansion

of plasma particles and to reach the maximum possible film

deposition rate, optimization of the gas pressure in the

deposition chamber is required. For example, it was

shown 136 that for attaining high deposition rates of per-

malloy and silver films, helium at pressure 0.4 mbar, should

be used.

It follows from the data presented above that the quality

and chemical composition of PLD-formed films are sub-

stantially affected by the conditions in the deposition

chamber, namely, the operating pressure and gas-phase

composition. The nucleation rate in the ablated flux and,

as a consequence, the morphology and roughness of the

coating depend first of all on the pressure.119, 137 The

operating pressure also affects the stoichiometry of the

film being formed; in addition, as noted above, resputtering

of the material from the substrate back into the chamber

becomes possible at some laser radiation parameters and

pressures.

Depending on the desired chemical composition of films

formed by PLD, either high vacuum or gas atmosphere of a

specified composition is used. For preparing films that have

the same chemical composition as the target, it is necessary

to provide conditions under which the vaporized material

species can hit the substrate without collisions with residual

gas molecules in the vacuum chamber. Thus, films almost

devoid of impurity inclusions can be obtained. As a rule, in

this case, the pressure in the vacuum chamber is

*1079 mbar.108

For deposition of films of specific chemical composition,

the presence of reactive gases in the chamber is required.

For instance, oxygen or nitrogen should necessarily be

present for deposition of oxide or nitride films.138 ± 140 In

most cases of processes carried out in reactive gas atmos-

phere, elements, usually metals (Ti, Zn, Cu, In, ...) serve as

targets. By using high-purity reactants and a definite gas

atmosphere, high-quality films of specified composition can

be produced.

When it is necessary to deposit films with chemical

composition differing from the composition of the initial

target (using compounds as the target materials), a buffer

gas such as Ar, Ne, Xe and He can be used.136, 141 The

presence of the buffer gas affects considerably the expansion

dynamics of the ablated material, free path lengths and

collision kinetics of atoms and ions, and this ultimately

determines the chemical composition of the deposited films.

In addition, the buffer gas promotes nucleation in the

plasma plume and deposition of nano- or microstructured

films with unusual physical properties.142

The PLD can also be implemented with an atmosphere

of complex composition (combination of gases), for exam-

ple, buffer argon and reactive oxygen or nitrogen.139, 143 ± 145

In this case, the conditions in the deposition chamber can be

varied over an extremely broad range by varying the overall

gas pressure in the chamber and/or the relative contents of

gases. By controlling the reactive gas pressure, which

1
2Laser beam

Target

Plasma plume

Figure 18. Model of ablation of a target in the presence of a buffer
gas.136

(1) Ablated species, (2 ) gas atoms. The arrows show the area of
formation of the shock wave front.
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governs the chemical reactions of this gas with the ablated

species, one can control the chemical composition of the

deposited films with high accuracy, while by varying the

pressure of the buffer gas, it is possible to affect their

morphology and, if necessary, obtain structured films.146

Note that the use of only reactive gas at a definite (rather

high) pressure for PLD can also induce nucleation in the

ablated flux and the formation of structured films.

An important feature of PLD in a gas atmosphere is

enhancement of the inhomogeneity of the morphology of

deposited films due to the non-uniform distribution of

nanoparticles and clusters in the plasma plume. The reac-

tions of ablated species (atoms, ions, small clusters) with the

gas in the deposition chamber result in scattering of light

particles and focusing of heavy particles in the flux of the

ablated material.116, 147 This effect is more pronounced

when a reactive gas phase is used, because during plasma

expansion, chemical reactions take place, resulting in the

formation of more complex (coarse) structural fragments

and compounds. The quality and uniformity of the films

can be attained by altering the deposition geometry.

When it is required to form films in a definite gas phase,

a modified approach can be used; in particular, a portion of

the reactive gas is introduced into the deposition chamber

(in the direct vicinity of the target) at the instant of laser

pulse arrival.124, 148 Synchronizing the laser and gas pulses

ensures the effective reaction between the ablated substance

and the gas under conditions far from chemical equilibrium

and the desired composition of the film can thus be

obtained.124, 149 In addition, the introduction of the gas

portion strongly affects the collisions and the substance

ablation dynamics (Fig. 19); owing to fast expansion of the

introduced gas and considerable increase in the distance

between the particles, no clusters or coarse fragments are

formed in the plume.119, 124

f. Methods for increasing the quality of deposited films

The principal drawbacks of PLD in the production of thin-

film structures is the presence (or formation) of micro-

particles and microdroplets in the ablated material and a

narrow angular distribution of the plasma plume. These

drawbacks hamper the formation of uniform films with a

high surface area, the films being formed with quite a few

defects coming from deposition of coarse particles (drop-

lets) on the substrate.

The presence of microdroplets in the flux of the ablated

substance may be due to both removal of microparticles

directly from the target under the action of laser radiation

and recombination of ionized plasma during expansion. The

droplet velocity near the target surface depends on its size

and, as a rule, it is much lower than the average velocity of

atoms.

In some cases, the size and the number of droplets

formed upon ablation from the target surface can be

minimized by using dense, for example, crystalline targets

with thoroughly polished surfaces.107, 108, 150, 151 However,

in this case, too, it is impossible to fully get rid of micro-

droplets in the flux of the ablated material. A more tangible

result is provided by methods based on the change of

deposition geometry (variation of the mutual arrangement

of the substrate and the target, the use of baffles, etc.).

One way of producing rather homogeneous films by

PLD is based on the use of so-called off-axis deposition

where the substrate is arranged along the symmetry axis of

the propagation of the ablated substance and perpendicular

to the target (Fig. 20).152, 153 The atoms and ions present in

the plasma plume are partially deposited on the substrate

due to scattering upon collisions in the substance flux and/

or in the gas phase, while microdroplets mainly miss the

substrate. This arrangement of the substrate relative to the

plasma plume results in great non-uniformity of the depo-

sition rate along the film; this, however, can be minimized

by using rotating substrates. The off-axis deposition geom-

etry is very sensitive to the mutual arrangement of the

substrate and the target and to the position of the target

area from which ablation takes place.

Since in this case, the substance reactions with the gases

in the chamber underlie the deposition, the off-axis geom-

etry is used most often for the PLD in the presence of gases.

In some cases, a screen is mounted between the target and

the substrate to prevent large particles (clusters and drops)

present in the ablated material from hitting the substrate.154

Production of rather uniform films with minor amounts

of cluster and droplet inclusions is also possible by using

two-beam laser vaporization achieved by the formation of

cross plasma plumes from two targets located at 908 angle

to each other (Fig. 21).108, 155, 156 The fluxes of ablated

material interact with each other and thus deflect from the

initial propagation direction. The heavy clusters and drop-

lets are not scattered upon collision of the plumes and do

not change the direction of movement. Additional screens

prevent them from hitting the substrate. This method

provides rather effective control of large particles but

medium-size particles still get on the deposited film surface.

A modification of two-beam laser vaporization was

proposed by Gyorgy et al.,157, 158 who used two laser radi-

ation sources in the UV and IR range. The numbers of

a b

Figure 19. Ablation of a copper target in vacuum (a) and when
reacted with introduced nitrogen dioxide (b).119

Target

Plasma plume

Screen

Substrate

Figure 20. Off-axis deposition geometry.
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macroclusters and droplets on the substrate surface were

minimized by their destruction in the flux of ablated

material under the action of IR laser radiation directed

parallel to the target surface. IR laser pulses have a

particular delay relative to the UV laser pulses that induced

the ablation. By optimizing the delay time between the

pulses and the laser intensities, it is possible to obtain

high-quality uniform films deposited in vacuum. If the gas

phase is used, it is impossible to completely get rid of micro-

inclusuions in the films by this method.

The use of a succession (burst) of laser pulses can be

considered as yet another modification of the two-beam

laser vaporization technique. For example, Murakami

et al.159 deposited TiO2 films by means of femtosecond

laser radiation in an oxygen atmosphere. The conditions of

laser treatment of the target surface were chosen in such a

way that the number of pulses per second, the average laser

fluence and the pulse energy remained constant in all

experiments. The pattern of pulse sequences varied: a single

1 MHz pulse; a 5-pulse burst (20 ns between the pulses),

burst frequency 200 kHz; and a 10-pulse burst (20 ns

between the pulses), burst frequency 100 kHz. The effect

of laser treatment conditions on the quality of deposited

films is illustrated in Fig. 22. It can be seen that increase in

the number of pulses in the burst leads to decrease in the

number and size of the clusters and droplets on the surface

of deposited films (by using a 19-pulse burst, a uniform film

free from defects and inclusions was obtained). In addition,

it was found that the deposition rate increases from 0.05

and 0.25 to 0.33 �A s71, respectively. The film deposition

rate in the PLD method is determined by the pulse energy

and the pulse repetition rate. In the given case, these laser

radiation parameters remained constant in all experiments.

The effect of laser treatment conditions (the use of laser

bursts) on the deposition rate attests to complex photo-

physical processes initiated on the target surface.

A rather efficient way for the control of microparticles

may be based on the velocity filtration, because the velocity

of ablated species (atoms, ions, clusters, etc.) in the flux

depends on their mass. In this case, coarse particles can be

separated by using a mechanical baffle (Fig. 23). A disc with

an orifice rotating at a certain frequency is mounted ahead

of the target. The laser beam initiating the ablation hits the

target surface after having passed through the orifice of the

rotating disc. The disc rotation velocity is specified in such a

way that the ablated species that move at a high velocity

have time to pass the orifice and reach the substrate surface,

while slow droplets and large clusters hit the rotating disc,

which thus functions as a protecting screen. This procedure

provides high-quality uniform films; however, its technical

implementation is rather complex, because it requires feed-

back systems, synchronization of disc rotation with laser

Substrate
on a holder

Optical lens

Optical lens

Optical
mirror

Optical mirror

Light-dividing
prism

Laser beam

Rotating targets

66

Figure 21. Two-beam laser vaporization
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a

0 5 10
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10 mm
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Figure 22. Single pulses at 1 MHz (a); a 5-pulse burst at
200 kHz (b); a 10-pulse burst at 100 kHz (c) and photomicrographs
of TiO2 films (on the right) obtained under the indicated con-
ditions.159

Laser beam

Substrate
with a holder
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orifice

Target

Drive

Baffle

Figure 23. Schematic diagram of the velocity filtration of laser
plasma using a mechanical baffle.
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pulses and maintenance of a phase lag of the synchronizing

pulses.160 ± 162

The adverse effects caused by the presence of micro-

droplets in the ablated flux can be minimized using a

simpler experimental implementation of the velocity filtra-

tion principle with a target of more intricate design able to

rotate at a specified rate (Fig. 24).

When the target rotates, the flux of atoms (and particles)

that have taken off from the target surface acquire a linear

velocity in the direction perpendicular to the plume expan-

sion. For example, when the target is mounted on a drum

with a radius of 20 mm rotating at 4000 rpm, the linear

velocity of the ablated material in the direction perpendic-

ular to the plume expansion is *800 cm s71. Since the

velocity of atoms in the flux is high, the V\ component of

the velocity vector adds a negligibly small deviation of the

expansion direction from the normal to the target surface.

For droplets, which move at a lower velocity than atoms,

their velocity being comparable with V\ in magnitude, this

change in the expansion direction may become crucial, so

that droplets will no longer hit the substrate.

Experimental studies showed that when the target

rotates at 300 rpm, the resulting film has *20 000 droplet

defects per square millimetre (Fig. 25 a), while at 4000 rpm,

the number of observable defects does not exceed 100 per

square millimetre (Fig. 25 b). The size of accountable drop-

let defects in a film is from 1 to 10 mm. A photomicrograph

of one such defect is shown in Fig. 25 c. In the deposition of

films using this procedure, the greater part of droplets fall

to the bottom of the vacuum chamber (along the rotation

direction of the composite target), which is clearly demon-

strated by the photographic image of the glass substrate

subjected to the ablated material flux (Fig. 25 d ).

The problem of transverse non-uniformity of the density

and chemical composition of the atom flux resulting in non-

uniform properties of the deposited films can be solved by

averaging the non-uniform distribution of the deposited

species, which is attained by rotating the substrate. Never-

theless, the ablated material flux is so narrow that it is often

insufficient to rotate the substrate and it is necessary to

arrange the substrate at some angle relative to the atom flux

direction (Fig. 26).

One more method can be used to enhance the uniformity

of properties and compositions of the deposited films. When

the revolver rotating drum is used, the targets are attached

in such a way that the angle between the normal to the

surface of each target and the normals to neighbouring

targets is 28. This arrangement provides a wider and more

uniform directional pattern of the flux with averaged cross-

section distribution parameter of atoms. The schematic

views of expansion of atom fluxes ablated from the surface

of an ordinary target and from the surface of a rotating

composite target are shown in Fig. 27.

Laser beam

Atom flux

Target

Vk

V\

Figure 24. Scheme of the rotating composite target.163
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50 mm 50 mm
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Figure 25. Photomicrographs of film defects.
for a ± d, see text.

a b

Substrate Substrate

Laser beam Laser beam

Target Target

Figure 26. Mutual arrangements of the target and the substrate
resulting in a non-uniform film (a) and a larger film more uniform
in composition and properties (b).

Cross-sectional distribution of atoms in the flux

a b

Figure 27. Atom distributions for ordinary (a) and composite
targets (b).
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The use of the revolver rotating drum in the PLD

technique provides thin films featuring high uniformity of

thickness and good optical properties. It was demonstrated,

for example, that the deviation of the film thickness in the

substrate with 24624 mm2 surface area does not exceed

10% (the thickness at the centre of the rotation axis is

1.3 mm, that at a distance of 12 mm from the centre is

1.2 mm). The uniformity of the optical properties over the

film area is demonstrated by coincidence of the optical

absorption edge positions in different areas of the film. It

can be seen in the absorption spectra shown in Fig. 28 that

the optical absorption edge positions at the centre and at

the periphery of a chalcogenide film obtained by PLD

coincide to within the error of the method (442� 1 nm).

g. Effect of the substrate properties on the film quality

The substrate type (amorphous or crystalline) and temper-

ature and the state of the surface (defects, oxide film)

considerably affect the properties of films obtained by

PLD, because all of the above characteristics determine

the formation processes of the new phase during condensa-

tion of the plasma plume. After an ablated atom or ion

reaches the substrate, it is adsorbed on its surface, and

subsequently, due to migration over the substrate, they may

be either detached or resputtered back to the chamber or

may form chemical bonds or be incorporated in the lattice

structure.119 The velocity of migration of adsorbed atoms

over the surface is determined by their energy and local

environment. An important condition for film formation on

a substrate is the mobility of atoms on the surface sufficient

for atoms to migrate to thermodynamically favourable

positions and to minimize the surface energy. The necessary

velocity of atom migration over the surface can be provided

by either increasing the substrate temperature or increasing

the kinetic energy of ablated particles. However, in both

cases, at too high temperatures/energies, there is a proba-

bility of adverse effects caused by enhanced diffusion of

particles from the surface to the bulk and bulk diffusion,

resulting in the formation of structure defects. The energy

range of ablated species of 10 ± 40 eV is considered to be the

optimal for atoms to attain the required velocity of migra-

tion over the substrate surface,119, 164 and the optimal

substrate temperature should amount to 0.3 ± 0.5 of the

melting point of the film being formed.124

In the PLD film formation, the selection of the type of

substrate is mainly determined by the requirements to film

structures. As a rule, for deposition of amorphous films,

amorphous substrates are used and crystalline coatings are

deposited using crystalline substrates with similar lattice

parameters to ensure the epitaxial film growth. Note that

even with good correspondence between the crystal lattice

parameters of the substrate and the deposited film, the

formation of the crystalline phase requires heating of the

substrate to a considerable temperature (as a rule,

>500 8C) in order to ensure the sufficient velocity of

migration of atoms over the surface. In some cases, to

obtain the desired crystal structure of the film, it is annealed

at elevated temperature.165

It is of interest that under certain conditions (the

pressure of the reactive or buffer gas in the deposition

chamber and the substrate temperature), an oriented crys-

talline phase can be synthesized, in particular, on the

surface of an amorphous substrate.166 ± 168 For example, it

was demonstrated 169 that a *5 nm-thick amorphous phase

is formed in the first stage of production of ZnO film on a

glass surface at 500 ± 600 8C. After the substrate surface has

been coated by an amorphous ZnO layer, a 5 ± 10 nm-thick

polycrystalline ZnO phase is formed. The subsequent film

growth affords a c-oriented ZnO layer. The possibility of

forming an oriented crystalline phase on the surface of an

amorphous substrate is apparently related to surface energy

and/or internal stress minimization processes.

2. Applications of pulsed laser deposition
As noted above, the advantages of PLD include the possi-

bility of preparation of nanolayered structures and reten-

tion of the chemical composition and chemical structure of

the target. Consider several examples of application of this

method.

a. Films with thermally induced changes in the magnetic state

The spinel CuCr2Se4 films of about micrometre thick were

prepared by PLD.170 The results of probe analysis con-

firmed the similarity of the chemical composition of the film

to spinel (the deviation was 1%± 2%). According to powder

X-ray diffraction data, the films deposited on a cold

substrate were amorphous. This was confirmed by measure-

ment of their magnetic susceptibility: the films were not

ferromagnetic. In addition, the optical transmission spectra

showed that for wavelengths of >880 nm, the optical

absorption coefficient was <103 cm71. Spinel sputtering

on the substrate heated to 120 8C gave a film with proper-

ties characteristic of the crystalline phase, namely, the

dependence of the squared magnetization on the temper-

ature was linear and the optical absorption coefficient was

more than 36104 cm71 over the whole range of wave-

lengths.

Thus, amorphous CuCr2Se4 layers can be converted to

the crystalline state using heat treatment. This conversion is

accompanied by crucial change in the magnetic properties

(paramagnetic state switches to ferromagnetic state) and

optical properties. Heating required for crystallization can

be provided by laser radiation.

However, annealing of amorphous films resulted in their

destruction due to the arising mechanical stress. In order to

avoid the destruction, multilayer films were deposited in
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Figure 28. Absorption spectrum at the centre (1) and at the
periphery (2) of chalcogenide film.
a is the optical absorption coefficient.
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which buffer layers (interlayers between the amorphous

spinel layers) were meant to damp the mechanical stress

arising upon crystallization. In addition, with this film

structure, the size of spinel crystal grains is restricted to

the thickness of this layer, and this makes them single-

domain. Naturally, it was assumed that the grain dimen-

sions against spatial coordinates are comparable.

Zinc selenide was used as the buffer layer in the

deposition of multilayer films. This choice was stipulated

by the following requirements. The buffer layer should have

high crystallizability; this allows preparing crystalline layers

just in the course of deposition without additional heat

treatment. Otherwise, during annealing and crystallization,

the buffer layer would itself bring about additional mechan-

ical stress. The crystal structure should be highly symmet-

rical to facilitate thin-layer powder X-ray diffraction. To

simplify the multilayer system in question, it is desirable

that the layers be formed by one and the same anion

(selenide). The crystalline ZnSe has a broad bandgap;

therefore, it transmits light in a broad wavelength range,

which facilitates the optical investigations of the spinel

layers in multilayer structures.

A layered film consisting of 50 CuCr2Se4 layers (each

layer 5 nm thick) separated by 15 nm-thick ZnSe layers was

obtained by PLD. The overall film thickness was 1 mm. The

scanning electron microscope (SEM) image of the film is

shown in Fig. 29. The temperature dependence of the

squared magnetization (J2) of the film is shown in Fig. 30.

It can be seen that at room temperature, magnetization is

vanishingly small, and then, starting from *340 K, crystal-

lization accompanied by magnetization buildup takes place

despite the temperature increase; finally, at *450 K, mag-

netization starts to decrease approaching the Curie point.

This dependence does not obey the law typical of all

ferromagnetic materials, namely, a linear variation vs.

temperature with a negative slope.

According to magnetic measurements (Fig. 31), the film

annealing at 430 ± 450 K for several hours resulted in the

spinel phase CuCr2Se4 with a Curie point of 407� 8 K.

The amorphous paramagnetic spinel CuCr2Se4 layers in

the film were transferred to the crystalline state in a

permanent magnetic field (*200 G) under the action of a

Nd : YAG laser radiation at the wavelength of 1 mm and

radiation power of 7 W cm72. The layers thus became

ferromagnetic: J=60 ê cm3 g71. This transition was also

accompanied by the change in optical transmission. The

resulting films can be used for data recording and storage.

Data readout can be accomplished using not only magnetic-

field sensors but also, apparently, the magneto-optical

Faraday effect and a change in the transmission coefficient

in the near-IR range.

b. Superionic thin films

The growing demand in superionic materials cannot be

satisfied without going beyond classical methods of syn-

thesis.171 Much is expected of composite electrolytes (both

bulk and film ones) with extensive interfacial boundary.

When nanolayered films are used in the studies of ion

transfer at interfaces, it is possible to monitor the area,

length and other parameters of interfaces.

One approach is associated with possible stabilization of

the high-temperature AgI phase at lower temperature. The

a-AgI phase having high ionic conductivity is known to be

stable only above 146 8C, and this markedly restricts the

possibility of its practical use. At room temperature and

normal atmospheric pressure, two modifications exist,

b-AgI with the wurtzite structure and metastable g-AgI

with the sphalerite structure. Upon the a? b transition,

the ionic conductivity abruptly decreases by a factor of 105.

300 nm

Figure 29. SEM image of a section of the layered CuCr2Se4/ZnSe
film.140
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Figure 30. Temperature dependence of the squared magnetization
for a multilayer film.170
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Figure 31. Temperature dependence of the squared magnetization
for a multilayer film after annealing.170
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Presumbly, the high-conductivity ionic phase of silver

iodide can be stabilized by alternation of a-AgI nanolayers

with nanolayers of another crystalline phase that is stable at

room temperature and has a lattice constant of about

5.05 �A (the lattice constant of a-AgI).

As the pairs to AgI for deposition of multilayer films

with alternating nanolayers, Ag2S and Ag3SI were

chosen.171 The films were deposited on a glass substrate by

PLD using an excimer XeCl laser (l=308 nm, Ep=10 mJ,

tp=30 ns, n=14 Hz). By switching of the laser beam from

one target to another with simultaneous use of the laser

pulse counting mode for controlling the thickness of the

deposited layers, it was possible to produce virtually any

multilayer configurations. The targets of two different

materials were placed on a metallic disc, which was operated

by a microelectric motor to rotate relative to the axis

normal to its surface.

In the electron microscope image of a 31-layered struc-

ture composed of alternating Ag3SI and AgI layers

(Fig. 32), one can see both nanolayers of different compo-

sitions and heterojunctions.

It was found that 171 multilayer films represent nano-

structured media containing three types of inclusions. For

Ag2S- and AgI-based films, these are Ag2S and AgI inclu-

sions and the Ag2S/AgI heterojunction. Similarly, for

Ag3SI- and AgI-based films, these are Ag3SI and AgI

inclusions and the Ag3SI/AgI heterojunction.

According to the data of impedance spectroscopy, the

nanolayers in the synthesized films had higher electrical

conductivities compared to the electrical conductivities of

the equilibrium phases of the same composition at room

temperature. The highest electrical conductivities were

found for heterojunctions.

The authors failed to confirm the presence of a-AgI by

direct methods but the idea to form nanolayers by laser

deposition for stabilization of metastable phases is

undoubtedly of interest.

It is difficult to preserve the chemical structure and

composition of the deposited compound for chalcogenides

and especially multicomponent chalcogenides. In particular,

this is due to the fact that the saturated vapour pressures of

chalcogens are much higher than the saturated vapour

pressures of metals and metal-like elements present as

parts of compounds and the degrees of dissociation of

these compounds upon vaporization are fairly high, espe-

cially in the case of ternary compounds. In addition, glass-

forming chalcogenides tend to have small differences

between the chalcogen ± chalcogen, chalcogen ±metalloid

and metalloid ±metalloid chemical bond energies. This

further complicates the restoration of the chemical order

of the target material on the substrate.

c. Films subject to photoinduced change in the bandgap energy and

refractive index

Chalcogenide glasses containing rare earth metal ions are

promising luminescence materials for fibre-optics commu-

nication systems.172 ± 174 The thin-film state of these materi-

als is of particular interest. The films of chalcogenide glasses

obtained by thermal deposition undergo photostructural

transformations and, therefore, they can be used as photo-

resists, optical switches and memory elements. Combining

the thin-film technology and the opportunity of photo-

induced control of optical properties appears to be obvi-

ously promising. The films obtained by laser deposition

occupy a special place.

The glass-like films of different compositions of the

Ga2S37GeS2 system both containing and not containing

Er3+ ions were obtained by PLD.172 ± 174 The film compo-

sition virtually did not depend on the deposition conditions

(erbium, gallium and germanium contents were determined)

and coincided with the target composition. Unlike magnet-

ron sputtering, the chemical order inherent in the structure

of monolithic glass was mainly retained in the film. The

Raman spectra of the initial glass and the obtained film of

0.15Ga2S370.85GeS2 are shown in Fig. 33.

The structure of the film, like the glass structure, is

determined by the Ge(Ga)S4/2 tetrahedra, their fully sym-

metric vibrations being responsible for the most intense

peaks in the absorption spectra (350 cm71). However, some

differences can be noted: in the spectrum of the film, the

280 cm71 peak caused by S3/2Ge(Ga)7Ge(Ga)S3/2 vibra-

tions shifts to lower frequency, the scattering intensity at

about 400 cm71 increases, and a small narrow peak appears

at 485 cm71, possibly caused by S7S vibrations.

However, some properties (for example, the bandgap

energy and refractive index) of the deposited films depended

on the deposition conditions. The film absorption edge (for

optical absorption coefficient of 104 cm71) deposited onto a

cold substrate (without additional heating) shifted to higher

200 nm

Figure 32. Electron microscope image of the section of a film
composed of alternating Ag3SI and AgI layers (altogether 31
layers).
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Figure 33. Raman spectra of glass (1) and deposited film (2) with
the composition 0.15 Ga2S370.85GeS2 .173
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energy relative to the absorption edge of the initial glass,

whereas deposition on a heated substrate brought about the

opposite effect, namely, a shift to lower energy. The

absorption edge position depended also on the deposition

rate, which was varied by varying the laser radiation power.

An increase in the deposition rate resulted, like the substrate

heating, in a long-wavelength shift of the absorption edge

(Fig. 34).

The increase in the energy of species that condense on

the substrate upon its preheating or upon increase in the

deposition rate may induce re-evaporation of the more

volatile component, in this case, sulfur. The decrease in the

sulfur content in the film entails increase in the relative

proportion of M7M bonds (M=Ge, Ga). In turn, this

should shift the absorption edge to longer wavelengths.

The exposure of a film to the light of a mercury lamp

resulted in a pronounced shift of the absorption edge to

shorter wavelengths. The magnitude of the shift depended

on the absorption edge position for the initial non-irradi-

ated film (Fig. 35 a). The photoinduced bleaching was

accompanied by a decrease in the refractive index (n) (see

Fig. 35 b).

In addition, the film thickness increased by *20% upon

irradiation. According to the data shown in Fig. 35, the

refractive index and the bandgap energy of the irradiated

film do not depend on the above parameters of the initial

non-irradiated film.

The photoinduced bleaching rate is maximum in the

beginning of irradiation. After 20 min, the process arrives at

saturation and after 30 min it is almost completed (Fig. 36).

The process kinetics is adequately described by the integral

form of the first-order reaction kinetics (see the curve in

Fig. 36), i.e., the process rate is mainly determined by the

concentration of one reaction subject (particular structural

defect, particular chemical bond, etc.).

Bleaching occurred also when the films were stored in

air being exposed to sunlight (the shift was 20 nm in 5

months).

The mechanism of this effect is photoinduced oxidation,

as confirmed by vibrational spectroscopy and chemical

analysis data. The M7M bond (M=Ge, Ga) reacts with

oxygen to give M7O7M bridges and the sulfur atom in the

:Ge(Ga)7S7Ge(Ga): bridges is replaced by oxygen.

The photoinduced bleaching mechanism comprises at least

two stages separated in time: film irradiation in the absence

of oxygen to activate the sites of the subsequent attack by

oxygen; the contact of films with air (without irradiation)

when oxidation and bleaching processes take place.

The observed photoinduced bleaching effect can be

successfully used for one-step recording of images, for

example, diffraction gratings or waveguides. A test forma-

tion of a diffraction grating in the films was performed.

Copying of the diffraction grating in the incident beam
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Figure 34. Spectral position of the fundamental absorption edge of
films vs. deposition rate.
The dots are experimental and the line shows the pattern of
dependence.
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Figure 35. Photoinduced changes in the parameters compared with
non-irradiated film parameters.172

(a) Fundamental absorption edge; (b) refractive index. The dots are
experimental and the line shows the pattern of dependence.
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Figure 36. Position of the absorption edge of the film vs. irradi-
ation time.172

The dots are experimental and the line is approximation with the
assumption of the first-order reaction.
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Bragg diffraction mode was used. By means of an N2 laser,

a copy of the transmission grating with 1200 lines per mm

was recorded. As the prototype, a grating recorded in the

photopolymeric composition deposited onto a quartz sub-

strate was used.

d. Thin film photoabsorbers for solar battery cells

Currently, the polycrystalline semiconductor Cu2Se ± In2Se3
systems with the chalcopyrite structure are among the most

promising photosensitive materials for solar energy conver-

sion. Note that preparation of homogeneous thin films of

such semiconductors with specified properties and structure

is a challenge. This is due to the large difference between the

partial vapour pressures of the components and to existence

of a large number of binary and ternary compounds and

their polymorphs. Therefore, PLD is expected to offer

undeniable advantages compared with the traditional ther-

mal deposition.

By PLD deposition of CuInSe2 on a substrate at room

temperature, a glass-like film was obtained.175 ± 177 Heating

of the substrate during deposition resulted in higher frac-

tion of the crystalline phase in the film (Fig. 37 a). Heating

to *320 8C is sufficient for complete film crystallization.

Meanwhile, increase in the substrate temperature decreased

the percentage of selenium in the film and changed the

Cu : In content ratio towards increase in the copper percent-

age (Fig. 37 b). The composition was monitored by energy-

dispersive spectroscopy.

Thus, to prepare a polycrystalline film, it is necessary to

raise the substrate temperature but the chemical composi-

tion of the film would be no longer identical to that of the

target. To overcome this mismatch, the temperature-and-

time pattern of deposition was made more intricate. First, a

thin film was deposited onto the cold substrate, then the

deposition was interrupted and the substrate temperature

was raised to 320 8C in order to crystallize the film, then the

substrate temperature was lowered to some temperature `T '

and the deposition was continued. It was found that to

obtain a polycrystalline film, it is necessary to maintain `T '

at 160 ± 180 8C. This relatively low temperature is due to the

fact that deposition was performed on the crystalline sur-

face and no nucleation stage was involved in crystallization.

Thus, polycrystalline films with the elemental and phase

compositions being the same as the compositions of the

CuInSe2 target were obtained.

A similar procedure was developed for the preparation

of polycrystalline films of CuIn3Se5 , which also belongs to

the Cu2Se7In2Se3 system. It was shown that CuIn3Se5-

based films possess electronic conduction, unlike the films

obtained from the CuInSe2 target, which possess hole

conduction. The bandgap energy for the deposited CuIn3Se5
films was 1.2 eV (for CuInSe2, this was 1.0 eV), which is

much closer to the optimal value for solar light conversion

(*1.4 eV). To study the photosensitivity, the films were

deposited onto glass substrates coated by a transparent

conducting layer of indium and tin oxides (ITO); graphite

served as the second contact. For increasing the photo-

sensitivity, an additional short-term annealing at *400 8C
directly after film deposition without vacuum deterioration

was required. The annealed polycrystalline films were well

formed (Fig. 38) and demonstrated high photosensitivity

(Fig. 39).
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Figure 37. Percentage of the crystalline phase (a), selenium content
and ratio of copper to indium contents (b) in films depending on the
substrate temperature.
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Figure 38. Electron microscope image of a section of the CuIn3Se5
film.177
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The structures based on deposited films (glass substrate/

ITO/CuIn3Se5/graphite) showed almost a diode type cur-

rent ± voltage curve but no charge separation took place on

the barrier (on illumination, only photoresistivity changed).

The barrier was apparently the Schottky type barrier

between CuIn3Se5 and ITO.

The given examples reflect the possible applications of

laser deposition and illustrate its benefits.

IV. Conclusion

The presented analysis of publications devoted to laser

ablation in liquid and in vacuum provides the following

conclusions. The influence of laser radiation parameters

(wavelength, pulse duration and power and treatment

duration) is quite multifactorial and can be used to optimize

the ablation conditions depending on the particular task.

Also, in most cases, for preparing small-size monodisperse

particles, it is desirable to use radiation of limiting power at

short wavelengths and short pulses.

Generally, it is clear that laser ablation in liquid is

technically facile and can be used to obtain a broad range

of materials (including multicomponent compounds) in the

nanodispersed state without the need to use vacuum equip-

ment. An advantage of the method is also the fact that the

nanodispersed substance occurs in a colloid solution and

the particle size can be brought down to several nanometres.

Therefore, it is very efficient for scientific research. The

method is suitable for preparing nanodispersed substances

in rather small amounts that are still quite sufficient for the

research work.

The applicability to a broad range of materials, versa-

tility and relative simplicity are also characteristics of the

laser ablation in vacuum, which is used to obtain thin films.

The examples considered in the review, which are far from

covering the whole potential applications of laser deposi-

tion, do nevertheless illustrate the key advantages of the

method; the procedural ease of formation of multilayer

structures, including nanosized ones; the correspondence

of the elemental composition of the film to the elemental

composition of the initial target; the similarity of the phase

composition of the film to the phase composition of the

initial target. These advantages make pulsed laser deposi-

tion highly demanded for the design and manufacture of

modern functional film materials for various purposes.

The subsequent studies in this area should be directed, in

our opinion, to the exploration of laser ablation under more

specific initiation conditions, first of all, using multicolour

laser excitation, pulse train excitation, etc. This approach

will not only provide more in-depth views on the developing

ablation mechanisms but also eliminate the existing draw-

backs of the method (noticeable nanoparticle size variabil-

ity, relatively low efficiency of laser ablation), and also this

can lead to development of methods for the production of

materials with more complex compositions and structures,

for example, doped multicomponent nanoparticles, films up

to several micrometres thick composed of alternating layers

about 10 nanometres thick with sharply different chemical

compositions.
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