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Laser-induced chemical deposition from the gas phase
V V Teslenko

ABSTRACT. The results of the study of the chemical reactions
involved in the deposition of various substances from the gas phase
using the pulsed, quasi-continuous, and continuous laser radiation in
the wavelength range 0.193 — 10.6 μηι have been summarised.
Particular attention has been paid to the deposition of inorganic
substances, including non-metals (C, Si, Ge, etc.), metals (Cu, Au,
Zn, Cd, Al, Cr, Mo, W, Ni), and a number of simple compounds.
Detailed experimental data are given on the influence of the
radiation parameters (wavelength, duration and spacing of the
pulses, intensity of radiation, shape and position of the laser beam)
and the nature of the reagents (hydrides, halides, carbonyls, alkyl
organometallic compounds, etc.) on the rate of deposition and the
composition of the deposit. The characteristics of photolytic
deposition reactions and their possible applications have been
examined.

The bibliography contains 202 references.
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I. Introduction

Reactions involving chemical deposition from the gas phase are
finding extensive practical application. In addition to the traditional
method in which the reagents are heated, the attention of chemists in
recent years has been drawn to other methods of initiating chemical
reactions, such as plasma excitation and laser irradiation.

The first paper on the chemical deposition of carbon induced by
the radiation of a CO2 laser appeared in 1972.1 In the period up to
1980, not more than ten papers on this topic2"9 were published, but
by 1988 the number of papers, reports, and patents exceeded 200.
Most of the credit for this goes to specialists in electronics, who not
only carried out a large number of studies but also published a
whole series of reviews,10"18 although these are short and highly
specialised.

The chemical processes of deposition from the gas phase induced
by laser radiation have a wider practical importance, however.19"24

They can be regarded as a new field of laser chemistry, adjoining,
for example, the field of gas-phase laser chemistry.25"27 This has
made it appropriate to publish the present review, which has the

following aims: 1) to summarise the experimental data for the
period 1980 — 1987; 2) to describe the principal characteristics of
laser-induced chemical deposition reactions; and 3) to examine the
possible applications of the process.

The possibility of laser-induced chemical deposition reactions was
studied in detail by a number of authors.8'16·23'28 Here it is
sufficient to note that this method can apparently be used to bring
about all reactions of chemical deposition from the gas phase (a list
of reactions has been published29"31), and also a number of other
reactions, in particular the decomposition of transition metal halides,
such as T1CI4.32 Two main types of reaction are distinguished,
depending on the nature of the interaction of the laser-radiation with
the substance: 1) laser-chemical reactions, in which the electro-
magnetic energy is used up only in the rupture of bonds in the
starting materials, and is not converted into thermal energy; and
2) laser-thermal reactions, in which the reagent is first heated, and
then undergoes thermochemical transformation. In the English-
language literature, these reaction types are described as photolytic
and pyrolytic respectively.

The minimum size of the reaction zone is comparable with
the wavelength of the radiation; the value attainable in practice is
0.5 μπι for photolytic processes, and several μπι for pyrolytic
processes.33 Assemblies for carrying out laser-induced deposition
are of three main types: in the first type, the laser radiation interacts
with a gas in a free space (power synthesis),34 in the second it inter-
acts close to the surface of a support (deposition of amorphous and
microcrystalline coatings),35"38 and in the third it interacts when the
beam reaches the surface of the support (formation of point deposits
and non-planar bands, growth of rods, preparation of polycrystalline
coatings).39^11 In addition, there are combined assemblies, for
example assemblies using crossed beams.42^*9 The most frequently
used are assemblies with the perpendicular configuration, in which
the laser beam is directed on to the support, and assemblies with the
parallel configuration, in which a beam with a circular or rectangular
cross-section is passed several millimetres above the surface of a
planar support.

II. Deposition of non-metals

Carbon is obtained by the pyrolysis of hydrocarbons.1'3'50"56 The
production of spiral bands with a width of 0.35 mm on a ceramic
rod with a diameter of 3.5 mm by irradiating it in a hydrocarbon
atmosphere with a CO2 laser has been described.3 The same
radiation with metallic supports was used to grow fibrous graphite
crystals with a diameter of less than 1 μηι and diamond-like
films.50'51 The technical assembly "Kvant-12" has been used to
obtain films with a thickness of up to 40 μπι on a metal or ceramic
support.52 The decomposition of acetone vapour by heating glass,
mica, and crystalline glass supports by radiation with a power of up
to 1 W and wavelength λ = 0.53 um (diameter of the focal spot
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50 μπι) made it possible to obtain rods of polycrystalline graphite
with a diameter of 40 μΐη and a length of up to 3 mm; except for
the initial period, the rate of growth (70—230 μΐη min"1) was
proportional to the radiation power.56 The deposition of carbon
from C2H2, C2H4, and CH4 on graphite, tungsten, and aluminium
oxide supports heated by the radiation of an Ar+ laser has been
described.53·54 The deposit was obtained in two forms. When the
laser beam scanned the surface of the support at a rate of 42 μΐη s"1,
non-planar polycrystalline bands with widths of 5—26 μπι were
deposited. Stationary irradiation of the support gave cylindrical
carbon rods with a diameter of 10 — 70 μπι and a length of up to
1 mm. The volume rate of deposition of carbon from acetylene
increased non-linearly with increase in the intensity of the
irradiation (/); no deposition was detected at / < 54 kW cm""2, and
at / > 292 kW cm"2, homogeneous deposition took place close to
the surface of the support to give flakes of carbon black. The range
of values of / in which heterogeneous deposition of carbon was
observed with C2H4 and CH4 were used was greater, and corre-
sponded to 82-760 kW cm"2 and 1055-2190 kW cm"2 respec-
tively.53 The measured axial rates of growth of the carbon rod at
different temperatures and pressures are given in Fig. 1. The rate of
deposition in the temperature range 1500 — 2500 °C at partial
pressures P C 2 H 2 i n the range 6.7 — 98 kPa had values in the
range 0.2—35 μπιβ"1; up to 2000 °C, the activation energy was
200 kJ mol"1, and the order of the reaction with respect to C2H2 was
close to 1. Above 2200 °C, the activation energy decreased,
apparently indicating that the process moves from the kinetic into
the diffusion range.54 All the processes described were pyrolytic.

The photolytic decomposition of C 2H 4 under the influence of a
CO2 laser (pulse energy Ε = 0.7 J) at a pressure of 665 Pa has been
carried out on an assembly with the parallel configuration.55 A
carbon layer with an area of 5 mm2 and a thickness of 0.1 μηι was
deposited on an NaCl support at a distance of 1 mm from the focus
(dose D = 300 J cm"2) after pulse irradiation with 50000 pulses.
The carbon had an amorphous structure with the inclusion of
individual crystallites of carbyne and lamellar graphite. In the pulse
irradiation of ethylene, thermal equilibrium was not established, so
that unstable phases were deposited.

High-intensity ultraviolet radiation brings about the formation of
a plasma, from which carbon-containing radicals and ions may
diffuse to the surface of a support situated 2 — 3 mm from the
focus, and react on it to give carbon. Thus focussing radiation with
λ = 308 nm and a power W = 5 MW with a pulse duration
τ = 7.5 ns and a pulse repetition frequency ν = 5 Hz gave an
intensity of radiation / = 105 kW cm"2.5 5 On passage through the
laser plasma, naphthalene vapour decomposed, and carbon was
deposited on the support (polished SiO2) as a diamond-like coating
with a thickness of about 1 μπι. The degree of transformation
(and rate of deposition) increased when a magnetic or electric field
was used,40*55 as a result of the increase in the rate of the transport
of the active species from the generation zone to the surface of the
support.

The largest number of papers has been devoted to the deposition
of silicon,5·7'38'42^14·46·48'54·57"83 indicating the considerable practical
interest in this process.

When assemblies with the perpendicular configuration were used,
the support was heated by the radiation to 900—1400 °C, so that the
deposit had a crystalline structure. Silicon is often deposited using
a CO2 laser,57'59'69·73 and SiH4 or a mixture of SiCU and H 2 as the
reagent.59 In the last study, polycrystalline coatings with a particle
size of 8 μπι were obtained at a temperature of the quartz support

equal to 900 °C (W = 18.9 W). The rate of deposition ν was
5.1 μπι min"1, and increased with increase in temperature; saturation
took place at a radiation power W = 20 W. The activation energy
of the process Ea = 154 kJ mol"1. When the support is heated by
the radiation of an Ar+ laser74 to 1400 Κ (at /?SiH< = 13.3 kPa),
the temperature dependence of the rate of deposition of poly-
crystalline silicon is described by an Arrhenius equation with Ea =
195 kJ mol"1. The characteristic deviation of the experimental points
from the Arrhenius straight line at temperatures above 1400 Κ
indicates that the process moves from the kinetic into the diffusion
range. Under these conditions, the process remains in the kinetic
range to a higher temperature than in the ordinary pyrolysis of SiH4.

In ν(μηι s !)
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Figure 1. Temperature dependence of the rate of deposition
of carbon from C2H2 at different partial pressures, kPa: 1, 98.0,
2, 66.5, 3, 26.6, 4, 13.3, 5, 6.7.54

Single crystals of Si have been deposited using laser radiation with
a wavelength of 530.9 nm.63 Faceted rods with a length of several
millimetres and a diameter of about 0.1 mm have been grown on
silicon supports with the (100), (110), (111) orientation at 1650 Κ
and psm4

 = 13.3 kPa at a rate of 30 μπι s"1. The axes of the rods
coincided with the [100] or [110] directions, irrespective of the
orientation of the support. The profile of the growing end of the
rod resembled a parabola. Silane and a laser beam with a diameter
d = 22 μηι were used in the experiments. At deposition tempera-
tures of 1450 Κ and 1550 Κ the rods were polycrystalline.
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The dependence of the rate of deposition and structure of
silicon on the angle of incidence of the radiation, /, ρ sai4, and the
temperature of the support (Ts) has been studied.43'71 With
decrease in the angle of incidence from 90° to 0°, the structure of the
deposit changed from polycrystalline to amorphous,71 and the
deposition was quenched at a low radiation intensity.43

The production of films of amorphous hydrogenated silicon
(a-Si:H) on assemblies with the parallel configuration is based on
the excitation and dissociation of SiH4 molecules, which show strong
resonance absorption at certain wavenumbers in the infrared range
(mainly 913.3 cm"1). Mass-spectrometric measurements showed that
the action of the laser beam increases the concentration of H2 and
SiH^ (n = 0 — 4); S'^Hn (n = 1—7) peaks were also observed,
indicating the formation of disilane as a result of the high density of
radicals in the irradiated volume.65'66

v, nm min

2W 260 320 360 W0 Ts, °C

Figure 2. Temperature dependence of the rate of deposition of
amorphous silicon at / = 250 W cm"2: 1, psai^ — 0.57 kPa, Pu>t =

1.33 kPa, gas consumption 5.75 cm3 s ; 2, psm4

 = 0.43 kPa,
ρ tot = 1-05 kPa, gas consumption 4.25 cm3 s3 „-! 37

Although dissociation in the gas phase takes place even at room
temperature, an appreciable rate of heterogeneous deposition is
achieved only on a support heated above 200 °C. Fig. 2 gives data
on the temperature dependence of the rate of deposition of silicon.57

The maximum rate of deposition is limited on the one hand by the
formation of a powder, and on the other hand by the decrease in the
silane concentration as it is used up. The diameter of the laser
beam d and the distance from the support are also important. Thus
at Ts = 310 °C and W = 65-80 W, the rate of deposition at
d = 7.5 mm is approximately twice that at d — 4.0 mm. The
explanation for this unexpected result was that in a narrow beam,
the degree of dissociation rapidly reaches a limiting value with
increase in /, whereas in a broad beam, a larger number of reagent
molecules are involved in the process.

The concentration of hydrogen in the deposit and the nature of
the bonds it forms with silicon depend markedly on Ts. The infrared
spectra showed that films with a thickness of 1 μπι contained S1H2
and SiH groups. Heating at 350 — 450 °C led to a decrease in the
hydrogen concentration (mainly as a result of the decomposition of
SiH2), and heating at 550-650 °C led to crystallisation of the
deposit.

Similar results were obtained64'68 7 0 on supports of borosilicate
glass (including glass coated with Pt, Mo, or a mixture of In and Sn
oxides), aluminium, single crystals of silicon, and aluminium oxide.
Radiation with λ = 10.6 um and / = 0.1 — 1.0 kW cm"2 was used.
The temperature of the support was 200 — 650 °C. In studies by
Gattuso and co-workers,64 the main experiments were carried out at
Ts = 300 °C, psm4 = 800 Pa, W = 70 W, and d = 6 mm. The
rate of deposition increased linearly at first, for 60 min, after which
a stationary value was established. The stationary value ν depends
on the rate of consumption of the gas, and with change in the
latter from 2 em's"1 to 4 cm3s~1, ν increased from 6.0 nm min"1 to
16 nm min"1. The rate of deposition also increased with increase in
Ts, W, and psmA· The maximum value of ν was limited by the side
process of powder formation. The addition of H2 or HC1 to silane
was recommended, to suppress homogeneous deposition.

A model of the deposition including the gas-phase decomposition
of SiH4 to S1H2 and H2, the diffusion of S1H2 free radicals to the
support, and their reaction on the solid surface to give a deposit has
been proposed.68 In the opinion of the authors cited, the limiting
stage is the first of these stages, which determines the exponential
dependence of the rate of growth of the deposit on the temperature
of the gas Tg. Te was calculated by assuming that the absorbed
energy of the laser beam is equal to the energy lost as a result
of thermal conductivity. For pure silane at a pressure psiut

 =

665 to 1064 Pa, Ts = 200-400 °C, and W = 20-40 W, the value
of Tg was 440-550 °C. The dependence of ν on Tg gave Ea =
190 kJ moP 1. 6 9 ' 7 0 This value coincides with the activation energy of
the pyrolysis of S1H4, and is close to the value 220 kJ moP1 obtained
for the decomposition of SiH4 to Si2H6, H2, and α-Si:Η powder
under the influence of laser radiation with λ = 9.77 μπι.73

Radiation with λ = 193 nm has been used to obtain an α-Si: Η
coating from disilane.67'78 At a temperature of the glass support of
200—400 °C and a pressure in the system of 133 Pa, the rate of
deposition reached 5.5 nm s"1. The concentration of hydrogen in
the deposit depended on Ts, and had the values 17, 9.3, and 7.2 at.%
at 200, 300, and 400 °C respectively.

The deposition of germanium from GeH2 has been carried
out6 0 '6 2 '8 3 in an assembly with the perpendicular configuration using
excimer ArF, KrF, and XeCl lasers (v = 20 Hz). The laser beam
was focussed at a point 1 —4 cm from the base of the reactor. By
moving the latter along the optical axis, the value of / was varied in
the range 1 —20 mW cm"2. The duration of the process was about
400 s. Fig. 3 gives the dependence of the initial rate of growth v<) of
the germanium film on the intensity and wavelength of the radiation.
The XeCl laser did not induce the reaction. The difference in the
action of the radiation of the ArF and KrF lasers is due to the
characteristics of the absorption of the radiation by the gas and
the deposit. In the opinion of the authors cited,62 the decrease in v0

on intensive irradiation is due to the volatilisation of the sub-
stance. The average temperature of the support, however, did not
exceed 120 °C. It is suggested that a chain reaction is initiated by
the two-photon dissociation of GeH4 to GeH2 and then takes place
according to the scheme shown in Fig. 4. The deposition takes place
as a result of the gas-phase diffusion of atomic Ge and Ge2H6 to the
surface of the support; the concentration of germanium in the gas
phase as the support was approached passed through a maximum at
a distance of approximately 1.5 mm from it. In the opinion of
the authors cited,83 the low activation energy of this process (Ea =
8.3 kJ mol"1) compared with the pyrolysis of group IV hydrides
indicates that the deposition is limited by one of the gas-phase
reactions or by the desorption of hydrogen.
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An amorphous hydrogenated α-SiGe: Η alloy was obtained on
a support heated to 200 °C by irradiating a mixture of Si2H6,
GeH4, and H 2 (λ = 193 nm, τ = 10 ns, ν = 100 Hz, pulse energy
Ε = 15 — 20 J).8 4 Chain radical reactions in the gas phase at a total
pressure of 133 — 250 Pa began as a result of the absorption of one
photon by the Si2He molecule. The intermediate reaction products
were S12H5, S1H3, SiH2, SiH, and H. The reaction of these radicals
with GeH4 gave SiGeHe, GeH2, and GeH3. The proportion of
silicon transferred to the deposit was higher than that of germanium.

Photolytic processes are generally carried out in one of three ways:
1) using multi-photon absorption of the radiation of a CO2 laser
(often accompanied by relaxation and heating of the hydride); 2) by
chain reactions induced by the absorption of photons with an energy
greater than 4 eV; and 3) by optical breakdown of the gas. The
last method is apparently complicated by the fact that the threshold
conditions of breakdown and the stability of the laser plasma depend
to a marked extent on the local composition of the gas and the
hydrodynamic characteristics of the system.

/, MW cm-

Figure 3. Dependence of the initial rate of deposition of Ge on the
energy density of ArF (1), KrF (2), and XeCl (3) lasers.62

Figure 4. Principal reactions taking place on the irradiation of
GeH4 using a KrF laser (λ = 248 nm).83

The rate of decomposition of PH 3 in the optical breakdown of the
gas with the formation of a PHX deposit85 remains unchanged on
going successively from the Ρ (10) line to the Ρ (32) line of a CO2

laser, and shows a clearly defined threshold. The deposition
threshold is determined by the energy and frequency of the pulses,
and also by the pressure of PH3 and the inert gas (Ne).

Data have also been published86 on the deposition of As from
AsH3) Se from SeMe2, and Te from TeMe2, Te2Me2, and TeEt2.

Thus hydrides are most frequently used for the deposition of non-
metals. In photolytic processes, radiation in the infrared or visible
ranges is used. The principal characteristics of these processes are
the increased extent of the kinetic range of the reaction on coordi-
nates concentration — temperature and the possible use of high
reagent concentrations without the risk of powder deposition.

III. Deposition of metals

In modern industry, the deposition of metals from the gas phase
by the reduction of halides using hydrogen has acquired the greatest
importance. In laser-induced chemical deposition, decomposition
reactions have found preferential application.

Copper has been deposited from its bis(hexafluoroacetylacetonate)
at pressures of 1.3 Pa 8 7 or 0.4 Pa 8 8 on silica supports heated by the
radiation of an Ar+ laser. The volume rate of deposition increased
from 50 μπι3 s"1 to 300 μΐη3 s"1 with increase in / from 400 kW cm"2

to 600 kW cm"2. The main impurity was oxygen (up to 10 mass %).
Au was deposited similarly from its dimethyl(pentane-2,4-dionate) at
a pressure of 1.0 Pa; at / = 400 kW cm"2 the rate of the process
was 1 μπι s .

Zinc and cadmium have been deposited using ZnMe2 and CdMe2.
The thermal and spectral properties of these compounds are simi-
lar,90'91 so that they show identical behaviour in laser decomposition
processes. These processes can be examined for the case of the
deposition of cadmium.48'92"104

The radiation of a Kr + laser with λ = 520.8-568.2 nm has
been used to heat GaAs supports.98 At W = 70-300 mW and
d = 10 μΐη the temperature of the support was 235-1000 °C. The
process was carried out by decomposing CdMe2 at atmospheric
pressure in a hydrogen carrier; the partial pressure of CdMe2 was
20 Pa. The cadmium deposit obtained at Ts < 550 °C was formed
within the focal spot. At higher values of Ts, the deposition
also took place beyond its limits. A typical rate of deposition was
20 nm s"1.

When radiation with a shorter wavelength, λ = 257 nm, was
used, the process took place mainly by the non-thermal decompo-
sition of CdMe2, and mainly in the gas phase, and not in the
adsorbed layer. The rate of deposition was linearly dependent on
the partial pressure of CdMe2 and the intensity of the irradiation.
At / > 2 W cm"2, a deviation from the linear relationship towards
lower values of ν was observed, due to the decreased concentration
of the reagent in the volume of the laser beam. The addition of an
inert gas led to a sharp decrease in the total rate of deposition as a
result of the decreased rate of gas-phase diffusion of atomic cad-
mium to the surface of the support. Under these conditions, the
role of adsorbed CdMe2 increased, with a simultaneous increase in
the sensitivity of the process towards energetic non-uniformity of the
surface and interference of the incident and reflected laser beams.97

When radiation with λ = 193 nm was used, the deposition took
place only as a result of the decomposition of CdMe2 in the gas
phase.99 The concentration of Cd in the gas phase on irradiation
with a pulse ArF laser was proportional to /, corresponding to
single-stage photodissociation. A definite role was also played,
however, by processes in the adsorbed layer, which the authors
cited99 called "prenucleation". In an experiment in which the
support (Si or SiO2) was kept in a CdMe2 atmosphere, the
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non-adsorbed CdMe2 was removed, and the support was irradiated
by a beam with a characteristic shape, the formation of a deposit
was not observed. The reaction vessel was then filled with CdMe2
again to a pressure of up to 0.20 kPa, and the support was
irradiated by a broad uniform beam. This gave a deposit whose
shape coincided with that of the beam used in the first stage of the
experiment. If however in the first stage the irradiated support did
not carry an adsorbed layer of CdMe2, a deposit with the
characteristic shape was not formed in the second stage.

Aluminium has been obtained by decomposing the compound
AlCi2H27,1 0 5 '1 0 6 but more frequently by decomposing A l M e 3 . 1 ( u u 4 ·
98-100,105-no A s w i t h QdMe2, several types of radiation have been
used for the deposition.

For example, when a GaAs support was heated to 400 °C by the
radiation of a continuous K r + laser with λ = 520.8 — 568.2 nm, and
a mixture of hydrogen and Α1Μβ3 with a partial pressure of 1.3 kPa
was passed through the reaction vessel at atmospheric pressure, rods
with a diameter of 20 — 90 μπι were obtained at the focal spot.98

The deposit contained amorphous Al and crystalline AI3C4. The
length of the rods depended on the intensity of the radiation, and
did not exceed 0.5 mm. The roughness of the surface of the rods
obtained was attributed98 to the turbulence of the gas stream.
Change in the gas consumption from 1.0 litre h"1 to 4.4 litre If1,
however, had no influence on the course of the process or the form
of the deposit. The rate of growth of the rods decreased contin-
uously with time (for example, in the first 120 s the rate decreased
from 7 μΐη s"1 to 1 μπι s"1) as a consequence of the non-isothermal
nature of the process; with increase in the thickness of the layer,
the growth surface moved out of the focus, and the intensity of
irradiation (and hence the temperature) decreased. When the beam
was focussed at a point 30 μπι from the surface of the support, an
increase in the rate of growth to a maximum value at the focus of
the laser beam was observed at first, after which the rate decreased.

In the range 442—460 nm, Α1Μβ3 has three absorption bands at
443.6, 445.1, and 446.2 nm. Radiation with these wavelengths has
been used to deposit aluminium.100 A potential of up to 2 kV was
applied to the support to attract the ions. The latter reached the
surface having a higher energy, and this increased considerably the
quality of the coatings obtained.

Radiation with λ = 257 nm did not lead to heating of a support
of silicon or its oxide, but acted directed on AlMe3 in the gas phase
or in the adsorbed layer.10 At room temperature and a pressure of
several hPa, trimethylaluminium is extensively dimerised. The
quantum yield of aluminium in the gas phase was appreciably lower
than that in the adsorbed layer.

At λ = 248 nm, Al atoms in the gas phase are formed by a
cascade process, each stage of which is initiated by one-photon
absorption.109 The main chain of transformations is described by
the scheme

AI2Mec -* AlMe3 ->- AlMe2 ->- AlMe-> Al.

C 2H 6 is a side product of the deposition.
An advantage of the use of radiation with λ = 193 nm is that

when it is directed on to the surface, a high quantum yield is
achieved in the non-thermal photo-desorption of methyl groups.
This makes it possible to obtain highly pure aluminium.107

The reactions of GaMe3 and InMe3 in the visible and ultraviolet
ranges are similar.111"113 The deposition of In by the decomposition
of Inl at λ = 193 nm has also been proposed.114 The deposit, with
a thickness of 0.3 μΐη, did not contain iodine.

Tetraethyllead has an absorption band at 242 nm, and is
characterised by an appreciable photon absorption cross-section at
257.3 nm. The rate of deposition of lead at this wavelength is
directly proportional to the PbEt4 pressure and the intensity of the
radiation; at ppbEtA — 500 Pa and / = 600 W cm"2, the rate of
deposition reaches 8 nm s"1.115 Increase in the partial pressure of
He from 13.3 kPa to 79.8 kPa leads to an almost two-fold decrease
in the rate of deposition. This is due to the decrease in the rate of
diffusion of Pb atoms in the gas phase, which indicates that a
predominant role is played by photolytic decomposition.115

Titanium has been obtained by decomposing its tetrachloride on
supports of LiNbC>3 and SiO2 at the focal spot (d = 4 μΐη) of a
quasi-continuous Ar + laser {W = 5 mW, λ = 257 nm).32 At an
intensity of radiation of 50 kW cm"2, the temperature in the spot did
not exceed 30 °C. In the opinion of the authors cited,32 the main
reactions take place in the adsorbed layer. Irradiation of gas with a
high concentration of the tetrachloride (^1.0 kPa) or gas containing
hydrogen leads to the reduction of TiCl4 to T1CI3 and its deposition
on the surface of the support as "hail". Sharp focussing of the
radiation on the surface suppresses the gas-phase deposition, and the
reactions in the adsorbed layer are complete with the formation of
metallic titanium. In this case the deposition mechanism is possibly
autocatalytic.32

Chromium can be obtained by decomposing its hexa-
carbonyl.14'116"119 The use of radiation with λ = 248 nm gave
black fragmentary films with a columnar structure in an assembly
with the parallel configuration, and light silvery coatings in an
assembly with the perpendicular configuration.14 The main impurity
was oxygen (up to 7 mass %), but its concentration can be decreased
by using an improved reactor and an improved vacuum system.

The decomposition of Cr(CO)6 under the influence of radiation
with wavelengths of 193, 249, and 308 nm has been carried out with
both the parallel and the perpendicular relative arrangements of the
beam and the support.118 In the last case, coatings with strong
adhesive power were obtained on quartz, Pyrex, Suprasil, and
aluminium. At τ = 10 ns, Ε = 8 — 12 mJ, and ν = 10 — 60 Hz, the
pulse rate of deposition was independent of v, and had the values
0.010, 0.028, and 0.005 nm pulse"1 for λ = 193, 249, and 308
respectively (the thickness of the coatings did not exceed 300 nm).

Japanese workers119 obtained chromium films on an assembly
with the perpendicular configuration (λ = 248 nm, ν = 50 Hz, / =
1 — 9 MW cm"2, average energy density 140 J cm"2). The quartz
support was not heated specially during the process. The deposition
was carried out from argon at atmospheric pressure and Pcr(co)6

 =

40 — 90 Pa. The deposits contained approximately 50% chromium,
20 — 50% oxygen, and up to 30% carbon, depending on the intensity
of the radiation. The films with the lowest concentration of oxygen
had a metallic lustre and strong adhesive power, but their electrical
conductivity was lower than that of chromium by a factor of 500.
The purity of the films obtained was much lower than that of the
coatings described by Boyer and co-workers,14 apparently due to the
high partial pressure of Ar in the reactor.

Molybdenum has been obtained from Mo(CO) 6. 1 4 · 1 1 6 · 1 1 8 · 1 2 0 · 1 2 1

At a low temperature of the support, the deposit contained large
quantities of oxygen and carbon. Thus the pulse irradiation
(λ = 248 nm) of molybdenum carbonyl adsorbed on Si (100) gave at
150 — 200 Κ a deposit with the composition M0CO0.3 with a
quantum yield close to I . 1 2 0 By comparing the deposition processes
taking place at room temperature under the influence of radiation
with λ = 157, 193, 248, and 308 nm, Solanki and co-workers116

found that the lowest concentration of carbon in the deposit and the
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highest rate of deposition were achieved at 248 nm. According to
Flynn and co-workers,118 however, the rate of deposition at 193 nm
is slightly greater than that at 248 nm.

The deposition of Mo by the optical breakdown of the gas using
the radiation of a pulse CO2 laser has been described.121 Argon
was added to the gas to facilitate breakdown.

Tungsten deposits have been obtained by two reactions: by
decomposing tungsten carbonyl,14·116·118'122 and by reducing tungsten
hexafluoride with hydrogen.122"127

The deposition of tungsten from its carbonyl is similar to that
of molybdenum. The rate of deposition at 257 nm increases
in proportion to the increase in / to 1 kW cm"2 (Fig. 5). At λ =
193 nm, other conditions being equal, the rate of deposition is three

, 118

times greater.

vpe, nm s
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Figure 5. Dependence of the rate of deposition of W (2) and
Fe (i ) on a quartz support on the intensity of radiation with λ —
257 nm at pressures />w(co)6

 = 27 Pa and pvC{co), = 67 Pa.1 2 8

Tungsten has been deposited from W F 6 by irradiating a quartz
support with a CO2 laser with a power of 40 W. 1 2 2 Under these
conditions, the greatest thickness of the tungsten film obtained was
limited to 250 — 500 nm, depending on the conditions of irradiation
and the concentration of the reagents. Three stages of the process
are readily distinguished: 1) induction, 2) intensive, 3) attenuated.
The duration of the induction stage decreases with increase in the
radiation power; this can be attributed to the increased rate of
attainment of the "threshold temperature" of the surface of the
support. The second stage is short; it corresponds to the attain-
ment of the maximum rate of deposition, the magnitude of which
depends on / (or more accurately on Ts) and p. The decrease in the
rate of deposition in the third stage is due to the decrease in the
temperature of the support as a result of the reflection of the
radiation by the tungsten film formed. Increase in the intensity of
the radiation should of course have led to continuation of the
deposition process, but this possibility was not studied experi-
mentally.

The deposition of tungsten on a silicon support heated by the
radiation of a K r + laser (λ = 468 — 530 nm), not absorbed by the
gaseous reagents (/?H2 = 53.2 kPa, /?WF4

 = 26.6 kPa), has been
described.1 2 3 The beam with a power of 3 — 4 W was focussed on

the support to give a spot with a diameter of 20 μπι, and moved
over the surface at a rate of 0.2-2.0 mm s"1. With slower
movement and a power greater than 4 W, fusion of silicon was
observed. Since in the wavelength range used Si and W have
similar absorbing power, it was possible to obtain thick deposits and
to grow coatings by repeated irradiation. Similar results were
obtained by other workers. 1 2 6

Manganese has been obtained by decomposing Mn2(CO)io under
the influence of radiation with a power of 1—40 mW (λ =
337.4-356.4 nm, / = 3 - 1 5 0 kW cm"2). When the beam scanned a
ZnS support heated to 100 °C, bands of Mn with a thickness of
30-800 nm were deposited.1 2 9

Fe(CO) 5 has been used to obtain iron coatings. 1 2 2 " 1 2 4 ' 1 2 7 The
irradiation of a quartz support with a CO2 laser with a power of
5.5 W gave the same self-limiting process as in the deposition of
tungsten from its hexafluoride. Thus at />Fe(co)5

 = 3.6 kPa, the
thickness of the film after 3 ms was 50 nm, which did not increase
on subsequent irradiation. An interesting feature is that for a lower
radiation power, the growth was more prolonged; for example, for
a radiation power of 2.2 W, a coating with a thickness of 1 μπι was
formed in 1 s. The radiation of an A r + laser has also been used to
heat the support. 1 3 0

In the ultraviolet range, photolytic deposition of iron takes place.
The use of radiation with λ = 257 nm led to the continuous growth
of the deposit at a rate which depended on the intensity of the
radiation (see Fig. 5). The break on the straight line apparently
indicates a change in the deposition mechanism. 1 2 8 The decompo-
sition of Fe(CO) 5 has also been carried out using the fourth
harmonic of a neodymium laser (λ = 266 nm, τ = 15 ns, ν =
25 Hz, W = 0.01-0.3 mW). 1 3 1 The film, deposited in a focal spot
with d = 150 μπι, had strong adhesive power, but the film deposited
beyond the spot had low adhesive power. This indicates that the
deposition was not due to the thermal decomposition of the
carbonyl. The rate of deposition at/? = 130 Pa and W = 0.25 mW
was 0.25 nm s"1; it decreased non-linearly with increase in the Ar
pressure to 80 kPa, and increased in proportion to ρ and W. In the
opinion of the authors cited, this indicates an unsaturated one-
photon decomposition mechanism.

Nickel has been deposited from Ni(CO) 4 . 8 > 1 2 3 · 1 2 4 · 1 3 2 " 1 3 6 When a
quartz support was irradiated by a low-power C O 2 laser, self-
limitation of the deposition was observed. 1 2 3 · 1 2 4 ' 1 3 2 ' 1 3 6 The maxi-
mum rate of deposition increased non-linearly with increase in the
power from 0.3 μπι s"1 at W = 0.4 W to 3 μπι s"1 at W = 2 W.
The dependence of the duration of the induction stage on the
intensity of the radiation indicates that the reaction rate is deter-
mined not only by the temperature of the support. For a high
value of /, a decisive influence on the course of the deposition may
be shown by the rates of nucleation and the gas-phase reactions.1 2 4

The activation energy of the deposition of nickel on steel, glass, and
silicon supports was 90 kJ mol" 1, which is characteristic of a
pyrolytic process. When the radiation of a K r + laser was used, the
diameter of the undulating deposit was much greater than the value
of d, and increased during continuous radiation, evidently as a result
of the heating of the non-irradiated parts of the support due to its
thermal conductivity. The dependence of the rate of growth of the
Ni rods on / is shown in Fig. 6. It can be seen from Fig. 6 that
deposition does not take place below a certain threshold value of /.
This is followed by a plateau, on which the rate of deposition
remains unchanged, after which it begins to increase with subsequent
increase in /. When helium, which has a high thermal conductivity,
is added to the reactor, the rate of deposition decreases as a result of
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the cooling of the surface by the increase in the removal of
heat.1 3 3 '1 3 5 The nickel specimen obtained in this way does not
contain carbon (accuracy of the determination 1%). Its electrical
resistance is 1.9 χ 10~5 Ω.αη (three times the tabulated value),
indicating that the deposit is highly pure.

ν, μιη s
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Figure 6. Dependence of the rate of growth of Ni rods on the
intensity of the radiation at />Ni(co)4

 = 40 kPa and different
focus spot diameters, urn: 1, 22, 2, 27, 3, 13.5; in the experi-
ments corresponding to curve 2, He was added to Ni(CO)4 (puc =

53.3 kPa).133

Platinum has been deposited from Pt (PFa)4 at a pressure of 60 Pa
on silicon, aluminium, graphite, quartz, and copper supports using a
pulse Kr + laser.137'138 The yield of the deposit decreased in the
order of the supports given above (energy density in each pulse
200 mJ cm""2). The quantum yield of platinum amounted to thou-
sandths of the original quantity of Pt(PF3)4 (for example, 3.7 χ 10~3

on the aluminium support). It was shown that the deposition takes
place under the influence of electrons produced by the interaction of
the laser radiation with the surface of the support.137·138 The similar
decomposition of Fe(CO)5 and CoEt2(CO)2 under the influence of
slow photoelectrons on the irradiation of glass and silver supports
with the light of an Xe-Hg lamp (λ = 200-400 nm) has been
described.139 The other reactions examined above possibly also take
place by this photoelectron mechanism.

Thus the metals of groups I, II, and III are most frequently
deposited from organometallic compounds, and metals of groups VI,
VII, and VIII from their π-complexes. The efficiency of the
photolytic decomposition of these compounds at different values of
λ correlates with the form of the absorption spectra. The deposits
generally contain appreciable quantities of carbon and oxygen, which
apparently originate in the ligands and in the air entering the
reaction vessels. Dilution of the reagents with large quantities
of inert gases leads to a significant decrease in the total rate
of deposition and in the purity of the deposits. In contrast to the
deposition of non-metals, an additional photoelectron mechanism
operates in the deposition of metals.

IV. Deposition of inorganic compounds

Silicon carbide has been deposited using a CO2 laser and a
mixture of H 2 and SiMeCU.9'50 Radiation with a power of 25 W was
focussed on the surface of W, SiC, C, SiO2, and ZrO2 supports, so
that the temperature reached 1100 — 1450 °C. The rate of deposition
was directly proportional to j?siMeci3 in the range 0.27 — 13.3 kPa and
inversely proportional to ρχ2 in the range 0 — 10.6 kPa. The
material of the support had no influence on the rate of deposition at
a deposit thickness greater than 1.0 nm. The value of Ea in the
absence of H 2 was 335 kJ mo!"1, and at pn2 = 13.3 kPa, Ea was
400 kJ mol"1. In the opinion of the authors cited,9'50 the limiting
stage was the decomposition of the methyl radical. The deposit was
polycrystalline, and the particle size depended on the temperature of
the process. Silicon carbide has also been obtained by decomposing
SiMeCl3 and SiMe2Cl2 on crystalline glass supports heated by the
beam of an Ar+ laser.140 The rate of growth of the rods reached
70 μιη s"1. Stoichiometric SiC was deposited from SiMe2Cl2 in a
nitrogen atmosphere. In a CO2 atmosphere, codeposition of silicon
and its dioxide took place. The decomposition of SiMeCl3 in a
stream of nitrogen led to the formation of graphite.

SiC powder has been synthesised from a mixture of S1H4 and
C2H4, which absorb radiation with λ = 10.59 μιη.141 In the tubular
reaction vessel, the beam of a CO2 laser with a diameter of 6 mm
was directed at right angles to the stream of reagents. At the point
of intersection, / = 530 W cm"2, and Tg = 1100 °C. In a narrow
beam (d = 2 mm) the corresponding values were 5.25 kW cm"2 and
1550 — 1750 °C. Since the time for which the reagents were in the
reaction zone was constant, the diameter of the particles of the
powders obtained showed little scatter. The chemical composition
of the deposit could be varied by altering the reagent ratio, pressure,
and intensity of the radiation.141

The formation of surface periodic structures from a mixture
of S1H4 and CH4 at the points of a surface interference wave at
λ = 9.27 μιη has been described.142

The deposition of titanium carbide127'132'143 using a carbon steel
support required the powerful radiation of a CO2 laser (0.5 — 1.2 kW
in a spot with d = 1— 2 mm). The original mixture consisted of
TiCl4 (1.6 kPa), CH 4 or C2H2 (26.6 kPa), and, sometimes, H 2

(26.6 kPa). The presence of H 2 was not necessary for the depo-
sition of the carbide.

Titanium suicide was obtained similarly using SiH4 instead of

the hydrocarbon.144-147 The single-crystal silicon support was
heated to 400 — 500 °C by the radiation of a CO2 laser with a power
of 160 W. In addition, the gas was irradiated by an ArF laser
(/ = 100 MW cm"2). Increase in the molar ratio SiH4:TiCl4 from
3 to 18 led to a change in the Si:Ti ratio in the deposit; for
example, at Ts = 400 °C this ratio changed from 1.0 to 2.3. The
suicide was amorphous at 400 °C, and partly crystalline at 450 °C
and 500 °C. The concentration of oxygen in the deposit was
2—4 at.%, and the chlorine concentration 0.2 at.%.

Zinc oxide has been deposited in an assembly with the parallel
configuration from a mixture of dimethylzinc and oxides of nitrogen,
using radiation with λ = 248 nm with N2O, and radiation with λ =
193 nm with NO 2 . 1 4 · 1 4 8 The highest purity of ZnO and the highest
rate of its deposition were achieved at a total pressure of 266 Pa and
a ZnMe2 partial pressure of 4.0 Pa. The temperature of the support
varied from 20 °C to 220 °C. The coatings, with a thickness of
0.5 μιη, contained less than 1% carbon and traces of nitrogen.
Increase in the ratio ZnMe 2:NO 2 led to a change in the stoichiom-
etry of the deposit, and this was reflected in its electrical conductivity
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(the extreme values of the electrical conductivity differed by a factor
of 104).

Aluminium oxide was deposited similarly. 50 — 1000 cm 3s - 1 N2O,
100 cm3 s"1 He, and Α1Μβ3 at a partial pressure of 10.6 Pa
were passed through the reaction vessel at a pressure of 133 Pa.1 4 9

A blue fluorescence was observed along the laser beam. The rate of
deposition was approximately 200 nm min"1 at W = 10 W and λ =
248 nm. At W = 8.2 W and λ = 193 nm, the rate was higher, but
the deposit was less uniform along its thickness. The coatings
obtained at a rate of deposition of 1 um min"1 separated from the
support on contact with air. Loose grey films were obtained at a
high rate of deposition. The best coatings, containing less than 1%
carbon, were obtained at Ts = 450 °C, PMM^ = 10-15 Pa, and an
N2O consumption of 200-800 cm3 s"1.

AI2O3 was deposited from a mixture of Α1Μβ3 and NH3 at a
support temperature below 100 °C (radiation with λ = 193 nm was
used).150 The source of oxygen was the air entering the reactor.
At a support temperature above 100 °C, ammonia became chemi-
cally active, and up to 400 °C the deposit formed consisted of a
mixture of AI2O3 and A1N.

The preparation of indium and gallium oxides by methods similar
to that used for AI2O3 has been proposed.149

Silicon oxide has been deposited in an assembly with the parallel
configuration by irradiating a mixture of S1H4 and N2O using an
ArF laser (λ = 193 nm).1 4 '1 5 1 At a pulse frequency of 100 Hz, the
average intensity of the radiation was 40 W cm"2. The laser beam
passed over the support at a distance of 0.3 mm. The pressure in
the reactor did not exceed 1.0 kPa. The consumption of N2O was
800 cm3 s"1, and the consumption of N2 containing 5% SiH4 was
70 cm3 s"1. The silicon support was heated from 20 °C to 600 °C.
The deposits obtained at temperatures up to 200 °C appeared non-
uniform, and readily separated from the support. At Ts $s 250 °C,
uniform strong deposits were obtained. The rate of deposition
reached 5 nm s"1. The concentration of nitrogen (as S13N4) was less
than 5 mass %, and the concentration of hydrogen (combined with
Si atoms) was 1—4 at.%.

S1O2 coatings were obtained similarly.152 The laser beam has a
cross-section of 5 χ 20 mm, and the pulse frequency was varied
from 3 Hz to 70 Hz. The dependence of the rate of deposition ν on
the partial pressure of N2O was non-linear, and had a maximum at
/>N2O

 = 3.0 kPa. The rate was directly proportional to the power of
the pulses. The rate of deposition was also influenced by the
N2O: SiH4 ratio. With increase in the latter, the rate increased, but
only to a limiting value. This saturation phenomenon is due to the
existence of a limit to the transport properties of SiH4. According
to some authors,152 the highest rate of deposition was observed at
N2O:SiH4 = 50, and according to others,153 at N2O:SiH4 = 20
(deposition in the absence of N 2 diluent). Analysis of these values
led the authors cited152 to the conclusion that the quantum yield of
the photodissociation of N2O is close to 0.01, but that the Ο atoms
liberated in turn initiate the additional dissociation of N2O or react
with N2O to form more photosensitive compounds, for example NO
or NO2. As a result, the extent of the transformation of N2O to
yield Ο is increased two-fold.

Titanium oxide has> been obtained by the reaction of TiCl4

with CO2 in hydrogen by heating a quartz support by the radiation
of a carbon dioxide laser with a power of 5-10 w. 6 · 8 · 1 2 7 · 1 3 2 ' 1 4 4

The partial pressure of the reagents was T1CI4 1-65, CO2 2.73, and
H2 2.73 kPa. The rate of deposition had values of 30-100 nm s"1

(^ = 0.8-3.0 mm, τ = 0.1-1.0 s). Titanium dioxide absorbs
radiation more strongly than SiO2, so that repeated pulse irradiation

of the same section of the surface gave a thicker deposit
than continuous irradiation with the same duration. Moreover, on
continuous irradiation the form of the surface of the deposit
resembled a Gaussian curve, whereas on pulse irradiation (for
example with 20 pulses in 0.1 s), the deposit had the form of a
plateau; this can apparently be attributed to the ratio of the rates of
diffusion and heat transfer.

Titanium oxide can be obtained by decomposing oxygen-
containing organometallic compounds, for example Ti(OCHMe2)4.154

The laser-induced decomposition of CrC^C^ has been studied.155

Radiation with λ = 488 — 515 nm was focussed on a spot with a
diameter of 5 mm or 2 mm on supports of glass, fused S1O2, or
single crystals of Si and A12O3. The radiation power varied from
1 mV to several W, and the CrC^C^ pressure was 13 Pa. Mass
spectrometry detected an appreciable quantity of chlorine atoms in
the irradiated gas. This indicates an appreciable rate of photolytic
decomposition of the oxide chloride, although CrO2Cl2 itself
absorbs at λ = 420 nm. To study the heterogeneous reactions, an
irradiated fused S1O2 support was placed in the chamber of the mass
spectrometer, and the measurements were made during the reaction.
The deposition took place in three stages. In the first stage, which
lasted tens of seconds, slow growth of the CrO2 film took place, and
this process was accompanied by the production of a small flux of
chlorine atoms. The deposition apparently involved the decom-
position of CrO2Cl2 molecules in the gas phase or in an adsorbed
layer. In the second stage, the flux of the species Cl, CI2, and O2

increased sharply. The increase in the rate of the process was due
to the thermal activation of the decomposition of CrC^Ck as a
result of local heating of the surface by the absorption of radiation
by the deposit formed in the first stage. The spontaneous accel-
eration took place until the thickness of the deposit was greater than
the characteristic thickness of the absorbing layer. This was
followed by the third stage, characterised by a stationary rate of
deposition with a new increased surface temperature. Since the
deposit contained Cr2C>3, and Ο was detected in the gas phase, in the
second and third stages the deposition was accompanied by the
thermal decomposition of CrC>2, which takes place at temperatures
above 400 °C. At a radiation intensity lower than 1 W cm"2, only
the dioxide was deposited.

Experiments carried out with the radiation of an excimer laser
(λ = 193 nm) at a CrO2Cl2 pressure of 13 Pa showed that the
composition of the deposit can be regulated by adding HC1 to the
gas phase; the deposit had the composition CrOo.83 at an HC1
pressure of 26.6 kPa, and CrOi.5 in the absence of hydrogen
chloride.155

Films of WO3 or Fe3O4 have been deposited by irradiating (λ =
308 nm) a mixture of NO2 with W(C0)6 or Fe(CO)5 in a reactor
heated to 50 °C.156 The carbonyls were mixed with an inert gas
(Ne or He), whose partial pressure was 70—90 kPa. The deposition
of WO3 was more rapid than that of Fe3O4, since the absorption
cross-section of W(CO)6 is almost 102 times that of Fe(CO)5.

Aluminium nitride has been deposited in an assembly with the
parallel configuration from a mixture of AlMe3 and NH 3 (λ =

193 nm).1 Ammonia reacted at a support temperature above
100 °C, and with increase in the support temperature to 400 °C the
mole fraction of A1N in the deposit increased almost linearly,
reaching 1. Practically pure nitride was deposited at 400 — 500 °C.

Amorphous films of silicon nitride were obtained in assemblies
with the parallel configuration from a mixture of SiH4 and NH3.1 5 7

The radiation of a CO2 laser with a power of up to 160 W (λ =
10.6 μΐη) was used. The temperature of the Si support was
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250-450 °C, and the pressure in the reactor 1.33-2.0 kPa. The
Si:Ν ratio in the deposit depended on the reagent ratio, and was 1.2
at SiH4:NH3 = 1000. The infrared spectrum of the deposit
contained bands characteristic of Si—N, Si — H, Si —O, and Ν—Η
bonds. The concentration of hydrogen in the deposit decreased
with increase in the temperature of the support. The rate of
deposition was low (15 nm min"1), and independent of temperature.

Coatings were obtained158 using a low-power ArF laser (W =
0.2 W). The rate of deposition of the coatings on an area of
7.5 cm2 was independent of the temperature of the support (200 to
600 °C), and equal to 5 nm min"1. A similar study14 showed that
the rate of deposition may reach 70 nm min"1 (temperature of the
support 200—425 °C, pressure in the reactor 266 Pa, gas con-
sumption (cm3 s"1): SiH4 10, NH3 10, N 2 50). The Si:Ν ratio in
the deposit was less than 1, the hydrogen concentration 20 — 30 at.%,
and the oxygen concentration did not exceed 5 at.%.

The deposition of indium phosphide from the trimethyl com-
pounds (on supports of Si, InP, InGaAs, and GaAs) was carried
out using an excimer laser (E = 100 — 200 mJ, τ = 15 ns, ν =
20 Hz). 1 5 9" 1 6 1 The dependence of the nature of the deposition on the
wavelength was studied at Ts = 323 °C, a total pressure of 0.8 kPa,
and gas consumptions of (cm3 s"1): Μβ3ΐηΡΜβ3 9, ΡΜβ3 38, H2 150,
and He 230. At 351 nm, the reagents were transparent, but a small
quantity of deposit consisting of In and Ο was obtained. Radiation
at λ = 248 nm was absorbed by ΙηΜβ3, so that mainly indium was
deposited. At 193 nm, both reagents absorbed radiation strongly,
and InP was deposited. A typical rate of deposition was 0.03 nm
pulse"1. The composition of the deposit depended on the photon
flux: a phosphorus deficit was observed at 0.01 —0.03 J cm"2, and a
deposit with the stoichiometric composition (InP) was formed at
0.1 — 0.3 J cm"2. The deposit obtained for a low value of the flux
was amorphous, but at values greater than 0.1 J cm"2 it was poly-
crystalline, with a particle size of 5 —40 nm.

Gallium arsenide has been deposited by the reaction143

GaMe3 + AsMe3 + H2 -*-GaAs + 2CH4.

The partial pressures of GaMe3, AsMe3, and H 2 were 8.6, 13, and
20 kPa respectively. The SiO2 support was heated at the focal spot
(d = 0.6 mm) to 600-900 °C by the radiation of a CO2 laser with a
power of 2 - 3 W for 2-12 s. At W = 3 W, the deposition took
place in a ring round the centre of the beam, and the deposit was
not continuous even when the thickness reached several μπι. The rate
of deposition was 15 — 50 nm s"1. The composition of the deposit
varied form GaAso.37 to GaAs2 4, depending on the irradiation
conditions.

The deposition of GaAs was carried out at atmospheric pressure
from a mixture of AsH3 and GaMe3 (or GaEt3) by heating supports
of single-crystal Si or GaAs to 500 °C with the beam of an Ar +

laser (/ = 1.5-35 kW cm" 2). 1 6 2 ' 1 6 3 Scanning with the beam gave
bands with a width of 1.5 — 500 μΐη and a thickness from 20 nm to
4 μπι. Auto-epitaxy was observed at a growth rate lower than
2 nm s"1 (high rate of scanning and low exposure in one scanning
cycle).

Stepwise layer growth of GaAs took place with the mixture of
GaMe3, AsH3, and H 2 (total pressure 1 kPa) was supplied
intermittently with a cycle duration of 4 s.164 A section of the
support was heated intermittently to 200 — 500 °C by the radiation of
an Ar+ laser. In this process, the proportion of deposited Ga was
1.0, and the activation energy was the same as that without

irradiation (87 kJ mol l). A model of stepwise layer epitaxy, which
assumes that photocatalytic decomposition of GaMe3 takes place
only on the surface As atoms (but not Ga atoms) was proposed.

The auto-epitaxy of GaAs in an AsCU—Ga—H2 gas mixture
was studied using excimer KrCl, KrF, XeCl, or XeF lasers at ν =
5-70 Hz.1 6 5 Only the radiation with λ = 249 nm increased the
rate of the process (for example by a factor of almost 4 at Ts = 600
°C and W = 1.7 W); the rate of deposition was proportional to the
radiation power, and had values of 0.6 — 1.4 nm s"1. The increase in
rate is apparently due to the photolytic reduction of ASCI3 by
hydrogen to AsCl, as confirmed indirectly by the form of the
infrared spectra.

Finally, it may be noted that there are three main methods for
depositing compounds: 1) the simultaneous deposition of the
elements of the compound being deposited (for example, from
a mixture of S1H4 and C2H4, or GeMe3 and ASH3); 2) the
codeposition of a substance which is gaseous under the conditions of
the experiment (oxygen, nitrogen) with another substance being
deposited (for example from mixtures of ZnMe2 and NO2, or S1H4
and NH3); and 3) the decomposition of a complex compound with
preservation of the bond between the elements being deposited
[for example CrO2Cl2 or Ti(OCHMe2)4]. Formally, the reactions
involving MeSiCl3, Me2SiCl2, and Me3InPMe3 are of the last type,
but in fact these compounds undergo preliminary decomposition in
the gas phase, so that in reality they are of the first type.

V. Characteristics of laser-induced chemical
deposition reactions

The experimental data examined reveal various characteristics of
laser-induced chemical deposition from the gas phase.

1. These reactions require radiation with a definite wavelength.
To transfer the molecules to higher vibrational levels, the wavelength
of the radiation should lie in a relatively narrow range of values
(about 0.1 μπι). For example, the decomposition of silane by this
method requires radiation with λ = 10.59 μπι, and even at 10.55 μπι
the photolytic reaction does not take place. On the other hand, to
transfer molecules to an excited electronic state, there is a restriction
only on the maximum wavelength (minimum photon energy). The
experimental data indicate that in this case it is appropriate to use
photons with an energy 1.2 — 2.0 times the bond energy.

2. The principal parameters of the deposition: the intensity of the
radiation, concentration of the reagents, pulse duration, and pulse
repeat frequency, show clearly defined threshold values. Below
these values, only gas-phase reactions, which probably have their
own restrictions, can take place.

3. Deposition takes place most readily on irradiation of the
support; prenucleation is observed close to the threshold param-
eters, that is a small quantity of new substances is apparently formed
using the surface energy of the heterogeneous support. Another
way of bringing about the process is by the irradiation of the gas
close to the support, when the latter acts as a "sink" for the active
species generated. Finally, the process takes place with the greatest
difficulty in the reaction zone in the absence of any surfaces, since
homogeneous nucleation requires a relatively high supersaturation.

4. Redistribution of the absorbed laser energy before the start of
the chemical transformations leads to heating of the gas and transfer
of the process to a known thermochemical path. Similarly, the
absorption of radiation by the deposit formed makes probable a
change from a photolytic to a pyrolytic mechanism (an example is
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provided by the decomposition of chromium oxide chloride). If
neither the support nor the deposit absorb radiation, the rate of the
process is not sensitive to the temperature of the support; formally,
this means that the apparent activation energy is zero.

5. In the deposition of compounds, their composition depends not
only on the ratio of the starting materials but also on their com-
parative photo-activity; this provides an additional "lever" for
controlling the properties of the substance obtained.

6. Under certain conditions, laser radiation leads to the formation
of a plasma either as a result of optical breakdown of the gas or as a
result of the emission of photoelectrons from the irradiated support,
so that the deposition becomes strictly plasmochemical.

These characteristics are listed with traditional chemical depo-
sition from the gas phase in mind.

VI. Possible applications of laser-induced deposition
processes

The reactions examined are used mainly to obtain fine pow-

ders,166-175 amorphous, polycrystalline, and single-crystal films
(layers, coatings),1 9·5 7·1 5 0·1 6 5·1 7 6-1 8 0 narrow bands of unlimited
length,50·123·133·154·181"183 regular surface structures,184-186 and parts
for drawing optical fibres.187·188 These products have potential uses
in powder metallurgy, solar energy, micro-electronics, radio tech-
nology, applied optics, and the technology of protective and decora-
tive coatings. In each of these fields, a new technological method
generally has to compete with several well established and intensively
developing technologies. Thus a number of methods of deposition
from liquid, gas, and plasma are used successfully to obtain fine
monodisperse powders.189 In micro-electronics, surface structures
are deposited using ultraviolet and X-ray lithography, and con-
tinuous films are obtained by chemical reactions with gaseous
reagents, including chemical deposition from the gas phase,190 and
also ion implantation.191 In the preparation of elements based on
a-Si:H, the main competing method is plasmochemical depo-
sition.192 Optical coatings are obtained by a range of methods:
physical193 and chemical194 deposition, including atomisation in a
glow discharge, ion-beam and magnetron atomisation,195 and laser
volatilisation.196

The lack of the required data makes it impossible to carry out a
comparative economic evaluation of different methods. According
to one estimate,169 the cost of the production of 1 kg of silicon,
silicon carbide, and silicon nitride powders in an assembly with an
output of 50 ton per year using a CO2 laser with a power of 1.5 kW
is 5-25 dollars (the wide range of values is due to the difference in
the cost of silane, whose contribution is considerable). The pro-
duction of these powders might be economically advantageous with
lasers operating for many hours (ideally, many days), but this is as
yet impossible.

Thus it appears unlikely that there will be any significant practical
application of laser-induced chemical deposition in the foreseeable
future. The situation is slightly more optimistic for the small-
scale application of this method to produce made-to-order integral
circuits197 and for the repair of photo-stencils.198 Possible develop-
ments of the method are: 1) an increase in the number of substances
that can be deposited; 2) the development of new methods for
obtaining particles of relatively complex shape, for example tubes,
beakers, springs, etc.; 3) the production of assemblies for obtaining
coatings on planar surfaces with an area greater than 100 cm2, and
also on non-planar objects (spheres, rods, tubes, etc.); 4) the

discovery of new methods for controlling the structure of the
material being deposited; 5) the improvement of deposition methods
to increase the uniformity of the properties of the products and the
reproducibility of the results; and 6) the extension of theories of the
mechanism of deposition and the modelling of specific processes.

VII. Summary

The main progress in the study of laser-induced chemical pro-
cesses has been made in the decomposition of gaseous hydrides,
organometallic compounds, and carbonyls. Two types of process,
photolytic and pyrolytic, are developing rapidly, and to some extent
supplement one another.199 Important advantages of pyrolytic pro-
cesses are the short time and the local character of the heating of the
support. This to some extent prevents irreversible thermal trans-
formations (degradation, recrystallisation of the support, etc.),
decreases the risk of the formation of undesirable powdered deposits,
and also makes it possible to intensify mass exchange in the
deposition zone. Most progress will apparently be made in photo-
lytic reactions in the ultraviolet range, where it is possible to select
photon energies sufficient for the rupture of chemical bonds.

An independent direction of research is the study of the intra-
molecular selectivity of deposition processes, achieved, for example,
by the two-stage infrared—ultraviolet dissociation of molecules.200

Promising possibilities are provided by the use of extremely short
(femtosecond) laser pulses201 and multi-wave laser radiation with a
mixture of inert gas halides.202
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