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Process optimization and related material 
properties of silicon films produced by 
laser-induced chemical vapour deposition 
from silane 
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Laser-induced chemical vapour deposition of silicon films on SiOJSi (100) and Si (100) 
substrates was studied using ArF laser irradiation of silane/argon gas mixture in parallel to 
the substrate. The optimal deposition conditions were specified by examination of film 
morphology at a wide range of irradiation and process parameters. At optimal conditions, 
specular films were obtained with no powder formation. The effect of deposition 
parameters, such as laser energy and repetition rate, on the deposition rate and the related 
film quality, was investigated. 

1. Introduction 
The specific use of silicon films depends on their 
microstructure and composition. For example, single 
crystals and polycrystalline silicon are used in integ- 
rated circuits [1], a: Sill is used for photovoltaic cells 
[2-4] and, recently, porous silicon has been 
considered for application in optical devices [5, 6]. 
Laser-induced chemical vapour deposition (LCVD) of 
silicon is a promising process, following the well- 
known CVD and plasma-enhanced CVD processes 
[7]. The main advantage of LCVD is the relatively 
low deposition temperature and low kinetic energy of 
decomposition products (several electron volts), hence 
the films produced have good quality, with sharp 
interfaces and with low internal stresses. LCVD of 
silicon has been reported, utilizing several types of 
lasers irradiating either perpendicular or parallel to 
the substrate in the environment of silane or disilane 
[-8-16]. In the perpendicular mode of irradiation, CO2 
and argon lasers were mainly used to heat the substra- 
te [8, 10]. In this case, the deposition mechanism is 
similar to the common thermal chemical vapour 
deposition [17]. In the parallel mode of irradiation, 
CO2 or an excimer laser were used mainly to 
decompose the gas producing the compounds 
needed for film growth. This mode led to silicon 
deposition at relatively lower substrate temperatures 
(about 400 ~ 

Recently, we have performed a systematic work 
studying the photochemical reaction in the gas phase 
during LCVD of silicon from silane as well as the 
growth kinetics [18, 19]. In this paper we present the 
results of process optimization showing the deposition 
conditions for obtaining good-quality silicon films 

and discuss the effect of the various parameters on the 
deposition rate and the related film properties. 

2. Experimental procedure 
A schematic drawing of the experimental system that 
was developed in our laboratory for laser-induced 
deposition is shown in Fig. 1. The deposition chamber 
was built from a stainless steel cylinder and had a vol- 
ume of 25 1. Si (1 0 0) or SiO2/Si (1 0 0) wafers (10 mm 
wide, 40 mm long), were used as substrates for the 
deposition. Silane gas, diluted with argon (15%), was 
introduced through a mass flow controller at a pre- 
determined flow rate. The gas flow was directed upon 
the substrate through a few slits at the end of a tube. 
Argon gas was passed continuously in order to wash 
the entrance window to prevent deposition on it. 

An ArF laser beam (20 mm x 5 mm) was directed 
into the chamber travelling in parallel either above or 
beside the substrate. The beam was concentrated 
using a focusing lens and its cross-section was 
9 x 3 mm 2 and 6 •  2, at the front and the rear 
edge of the specimen, respectively. 

One of the main obstacles in the deposition process 
was the formation of a yellow powder in the gas phase 
leading to a deposition of a powdered film with poor 
adhesion to the substrate. The aim of the process 
optimization was to determine the maximum depos- 
ition rate at which both thermal deposition and pow- 
der formation did not take place. 

The optimized range of values of each deposition 
parameter was determined on the basis of the film 
morphology, as observed by both optical and scann- 
ing electron microscopy (SEM). In the optimal range, 
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Figure I Schematic presentation of the LCVD system. 1, Laser; 
2, focusing lens; 3, laser beam; 4, window; 5, Pirrani gauge; 
6, specimen; 7, heater; 8, absolute pressure gauge; 10, mass spec- 
trometer; 11, adsorption trap; 12, pneumatic valve; 13, N2 line; 14, 
Ar purge; 17, vacuum system; 18, gas cabinet. 

specular silicon films were formed. The morphology 
and microstructure of the deposited silicon films could 
be better analysed on SiO2/Si than on silicon sub- 
strates and in this case ellipsometry measurements 
could be utilized as well. The effect of gas flow was 
studied by performing experiments at stagnant condi- 
tions and at flow rates between 20 and 50 standard 
cm 3 min -  1 (SCCM). The ranges of the various depos- 
ition parameters that were studied are: total pressure 
14-650torr  (1 torr = 133.322 Pa) substrate temper- 
ature 340-560 ~ laser energy 60-500 mJ cm - 2, laser 
repetition rate 10-27 Hz and distance between the 
laser beam and the substrate 1.5-6 mm. It was not 

possible to separate the effect of each parameter  in all 
cases. Therefore, at the preliminary stage, more than 
one parameter  was changed at the same time, whilst 
searching for the deposition of non-powdered silicon 
films. The minimal values of these parameters were 
chosen as the values where film growth could be 
observed after laser irradiation of 50 000 pulses. The 
deposition rate was evaluated from thickness 
measurements using alpha step and ellipsometry. The 
microstructure of good-quality films was studied by 
transmission electron microscopy (TEM) of cross-sec- 
tional samples. The film composition was studied using 
Auger Electron Spectroscopy (AES) and hydrogen and 
argon concentrations were determined by Secondary 
Ion Mass Spectroscopy (SIMS). The film morphology 
was studied by scanning electron microscopy (SEM). 

3. Results and discussion 
As was stated in Section 2, one of the major  problems 
in the process of optimization of the deposition para- 
meters was the formation of a powdered silicon film. 
This phenomenon, which is a result of a homogeneous 
nucleation in the gas phase, occurred whenever we 
tried to increase the deposition rate. 

The formation of powdered films was manifested in 
the morphology of the films as observed in the scann- 
ing electron micrographs shown in Fig. 2. These 
micrographs correspond to films deposited at different 
substrate temperatures under stagnant conditions, 
namely when no gas flow occurred during deposition. 
The deposition conditions of these films were found to 

Figure 2 Scanning electron micrographs of silicon film deposited by laser irradiation under stagnant conditions and high pressure. 
Deposition conditions: (a) temperature 664~ total pressure 101 tort, laser energy 60 mJcm -2, repetition rate 10 Hz, 20000 pulses; (b) 
temperature 664 ~ total pressure 584 (122) torr, laser energy 60 mJ cm- z, repetition rate 10 Hz, 20 000 pulses; (c) temperature 657 ~ total 
pressure 190 torr, laser energy 100 mJcm -z, repetition rate 10 Hz, 5000 pulses. 
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be outside the region of optimum values for depos- 
ition, but they are shown here because they exhibit the 
film morphology during powdered deposition. As can 
be seen, the films have a rough structure caused by the 
deposition of large solid particles of silicon. The par- 
ticles dimensions are about 1 gm. 

X-ray diffraction analysis of powdered film showed 
that polycrystalline silicon was grown, even at a low 
substrate temperature (400~ These particles may 
also contain polyatomic molecules of silane deriva- 
tives, as was observed elsewhere [-14]. During laser 
irradiation when the powder films were formed, an 
illumination was observed in the gas in the beam path. 
The source of illumination was not analysed; however, 
it was similar to the glow discharge that is observed 
during plasma-enhanced CVD. Powdered films were 
obtained also in a continuous gas flow of 50 standard 
SCCM. However, for this flow we could also find 
a range of parameters where specular films were ob- 
tained. Further decrease of the flow rate to 20 stan- 
dard SCCM led to a deposition of films of better 
quality, and no powder was observed in a wide range 
of deposition conditions. Scanning electron micro- 
graphs of good-quality films (where no powder was 
observed), are shown in Fig. 3. It can be seen, that the 
surface morphology is much finer than that of the 
films shown in Fig. 2. The particles on the surface are 
small, and at the optimized deposition conditions no 
features are observed at a magnification of 25 000 
(Fig. 3c). By using mass spectrometry for gas-phase 
analysis, it was found that during the strong gas-phase 
reaction, when heavy powder was formed, silicon 
atoms were not detected, in contrast to the case where 
a good film was grown. This could be explained as 
silicon cluster formation in the gas phase which could 
not reach the mass spectrometer detector. 

As stated previously [19] and also by others [20], 
the silane molecule was found to dissociate by a two 
photon absorption mechanism. As a consequence, the 
dissociation efficiency should be rather low; therefore, 
in order to get a reasonable deposition rate, the total 
amount of silane should be increased. Increasing the 
gas pressure is followed by a decrease of the mean free 
path of the molecule, leading to an increase of the 
probability for collision between silane derivatives 
and other gas molecules, resulting in cluster forma- 
tion. The mean free path calculated for argon atoms, 
which is the major constituent of the gas mixture, is 
0.7 gm at 60 torr, which was the maximum pressure 
utilized in optimized deposition conditions. This value 
is much smaller than the distance of the beam from the 
substrate which was in order of millimetres. Therefore, 
during laser irradiation, the silane derivatives which 
are produced must be transferred towards the sub- 
strate in a time shorter than the time between collision 
with other atoms or molecules in the gas phase. It is, 
therefore, more beneficial to decrease the flow rate and 
the pressure. For  this reason it seemed that the argon 
gas used for dilution has a negative effect by decreas- 
ing the maximum deposition rate which is possible, 
even though it was found by other authors that argon 
and helium gases are important for initiation of the 
deposition [21]. 

Figure 3 Scanning electron micrographs of silicon films deposited 
at continuous flow and high pressure. Deposition conditions: 
temperature 380~ total pressure 61torr, laser energy 
166-183 mJcm z, 50000 pulses. (a) Repetition rate 20 Hz, distance 
between beam and specimen 6.5 mm; (b) repetition rate 10 Hz, 
distance between beam and specimen 5.5 mm; (c) repetition rate 
20 Hz, distance between beam and specimen 2.5 mm. 

The evaluation of the optimal deposition para- 
meters was based on thickness measurements and 
calculations of the deposition rate when no powder 
was observed. It was found that this can be better 
achieved by deposition on a SiO2/Si substrate because 
the silicon film has a different refractive index from the 
SiO2, resulting in a film colour which depends on its 
thickness. Therefore, the film quality could be evalu- 
ated immediately after deposition simply by visual 
inspection. In this way it was found that films depos- 
ited under specific conditions always exhibited a vari- 
ation in colours due to a variation in inhomogeneous 
thickness. Measurement by ellipsometry showed that 
a transverse thickness distribution was observed in 
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Figure 4 Thickness distribution at three dimensions of silicon film. 
Deposition conditions: silane/Ar flow rate 20 standard cm 3 min-  1, 
total pressure 14 torr, laser energy 257 mJcm -2, repetition rate 
15 Hz, 50000 pulses. 

a direction perpendicular to the direction of the beam 
propagation. The thickness remained almost constant 
along the propagation axis of the laser beam, up to 
a certain pressure (250 torr) where a large absorption 
in the gas has occurred. A typical result of the film- 
thickness distribution is illustrated in Fig. 4. Also 
shown in the figure is the orientation between the 
beam image and the substrate. A plot of thickness 
distribution in the transverse direction could be fitted 
to a gaussian distribution, and the deposition rate was 
computed at the point of maximum thickness. 

Fig. 5 shows schematic drawings of the range of 
optimized values of parameters for silicon deposition 
in two different cuts. Fig. 5a describes the optimum 

values  of process parameters and Fig. 5b those of 
irradiation parameters. The dashed area in each 
scheme is the range in which specular films were 
obtained, and the actual corresponding experiments 
are also marked (A); powdered films are also indicated 
(O). Fig. 5a shows that the optimal range of temper- 
atures and pressures are 340430 ~ and 14-61 torr, 
respectively. A pressure increase must be followed by 
a substrate temperature increase in order to prevent 
powder formation, and for higher temperatures the 
range of optimized pressure is extended. As mentioned 
above, minimal values of pressure and temperature 
were determined as the minimum deposition condi- 
tions where a silicon film could be observed after total 
irradiation of 50 000 pulses. The maximal temperature 
was determined as the threshold temperature 
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Figure 5 Optimized range of values of (a) total pressure and sub- 
strate temperature, for laser-induced deposition of silicon, and (b) 
laser intensity and repetition rate. 

for thermal deposition. Increasing the substrate tem- 
perature above this temperature gradually decreased 
the contribution of the laser for the deposition rate; 
above an ultimate temperature of 560~ the laser 
contribution could be neglected, and practically all the 
deposition occurred only due to thermal decomposi- 
tion of the silane. Fig. 5b shows the range of optimal 
values of laser energy and repetition rate. An increase 
in the repetition rate must be followed by a decrease of 
the laser energy in order to keep the decomposition 
rate of the silane at the same value where the proba- 
bility for powder formation is low. The dashed lines in 
the figure show that the optimized region is shrunk 
with the increase in pressure or flow rate. 

At a laser irradiation energy of 300 mJ cm - 2, within 
the range of optimized conditions, no significant 
change in the film thickness was observed on increas- 
ing the repetition rate between 10 and 20 Hz, and the 
measured thickness obtained after 50000 pulses was 
about 10 nm (Fig. 6a). For higher rates, the thickness 
decreased, probably because the gas decomposition 
rate was above a critical value where the powder is 
formed. Therefore, in order to increase the apparent 
deposition rate, it is useful to work at a deposition rate 
of 20 Hz (Fig. 6b). The maximal deposition rate at the 
optimized deposition condition was 1.3 nmmin -1. 
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Figure 6 (a) Film thickness and (b) silicon deposition rate versus 
laser repetition rate. Deposition conditions: silane/Ar 20 standard 
cm3min 1, substratetemperature430~ laser intensity 300 mJ cm -2, 
50000 pulses along the specimen. (A) 1 cm, ([]) 2 cm, (11) 3 cm, (O) 
4 cm. 

This value was obtained at a flow rate of 20 standard 
cm 3 rain- 1, a total pressure of 61 torr (silane pressure 
9.15 torr), a repetition rate of 15 Hz, a laser energy of 
300 mJcm -2, and a substrate temperature of 430 ~ 
It should be noted that according to the results dis- 
cussed above, there was still a possibility to increase 
the deposition rate without the formation of powdered 
film by increasing the repetition rate to 20 Hz, by 
a factor of 20/15, which is the ratio between the two 
values of repetition rates. 

The maximal values of deposition rate in our study 
were lower by more than one order of magnitude from 
the value of 35 nm rain- 1 found by Bilenchi et al. [22] 
using a CO2 laser for irradiation at an intensity of 
250 W cm-2 of silane at 4.35 torr (SiH4/N2 total pres- 
sure of 10 torr) at a flow rate of 5.75 standard cm 3 
min -1 and 320~ Meunier et al. [143 obtained 
a maximal deposition rate of 16nmmin  -1 using 
the same laser and irradiation of pure silane at 
330 W cm-  2. 

The much lower deposition rates in our work com- 
pared to CO2 irradiation apparently are surprising 
because a higher efficiency of dissociation is expected 
using an excimer laser with a higher photon energy 
than the CO2 laser and the mechanisms of laser/gas 
interaction are completely different in both cases. 
Using an excimer laser operating at 193 nm (6.4 eV) 
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the silane gas is believed to undergo molecular dis- 
sociation by two-photon absorption, following excita- 
tion of the electronic states. On the other hand, the 
low value of photon energy (0.12 eV) obtained from 
the CO2 laser is absorbed through vibrational excita- 
tion followed by a thermal relaxation of the molecule 
[17]. This result can be explained by assuming that 
the growth-rate limiting step is mass transfer and not 
the dissociation of the gas molecule. This assumption 
was verified by the result that the deposition rate 
remained almost constant at laser energies of 
160-300 mJ cm-2. The lower values of deposition rate 
found in our work can also be explained by the fact 
that this is an apparent deposition rate, calculated by 
dividing the thickness by the total time without con- 
sidering the fact that the irradiation is in pulses of 
a very short time. Actually, the gas decomposition 
occurs during the duration of the pulse which is 24 ns 
and so the rate of photon supply is 10 =4 p h s -  ~ for 
each laser pulse which is supplied for a very short time 
compared to 1021 phs - j  supplied continuously for 
longer time in the other works. The work in a pulsed 
mode of laser irradiation lead to high decomposition 
rate and increased the probability to cluster formation 
due to molecular collision, which therefore can be 
eliminated by mass transfer control. 

Transmission electron micrographs of a cross- 
sectional view and the corresponding diffraction 
patterns of as-deposited silicon film and after heat 
treatment at 950 ~ for 30 min, are shown in Fig. 7a 
and b. The film was deposited on SiO2/Si (1 00) at 
a substrate temperature of 430 ~ a flow rate of 20 
standard cm 3 min-  1, a total pressure of 61 torr, a laser 
energy of 257 mJ cm-2, a repetition rate of 15 Hz, and 
a total of 285000 pulses. The deposition conditions 
were in the range of the optimal values of the para- 
meters and the number of pulses was increased in 
order to obtain a thick film easier for characterization. 
A dark-field image using a (1 1 1) reflection of the 
polycrystalline diffraction pattern at the annealed 
state, is shown in Fig. 7c. As shown in these pictures 
the thickness of the deposited silicon film is 80 nm, it is 
amorphous in the as-deposited state and it has recrys- 
tallized into polycrystalline silicon after the heat treat- 
ment. The interface between the silicon film and the 
substrate is sharp and no interaction between the 
deposited film and the substrate has occurred. Similar 
microstructures and diffraction patterns were ob- 
tained for films deposited at the same substrate tem- 
perature and gas flow rate, in a pressure range of 
14-250 torr. However, at 250 torr the upper surface of 
the film was no longer flat and some clusters were 
observed. Laser-intensity changes in the range of 
160-250mJcm -2 had no effect on the film micro- 
structure, and no significant difference in thickness 
was observed. 

The composition of the film shown in Fig. 7a was 
analysed by Auger Electron Spectroscopy, and the 
corresponding spectrum after argon ion sputtering of 
80 nm is shown in Fig. 8. The film contains traces of 
carbon and oxygen in a concentration lower than 
1%. These impurities were found in smaller amounts 
in a film which was deposited at a total pressure 
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Figure 7 Transmission electron micrograph and microdiffraction pattern of cross-sectional view of a silicon film deposited on SiOa/Si at 
a vertical configuration. Deposition conditions: silane/Ar flow rate 20 standard cm 3 rain- 1, total pressure 61 torr, temperature 430 ~ laser 
energy 257mJcm -2, repetition rate 15Hz, 280000 pulses, (a) Before heat treatment, (b) after heat treatment, (c) dark- 
field image of B. 
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Figure 8 Composition of elements observed by Auger electron 
spectroscopy of a silicon film deposited on SiO2/Si at vertical 
configuration. Deposition conditions: silane/Ar flow rate 20 stan- 
dard cm 3 min-1, total pressure 61 tort, temperature 430 ~ laser 
energy 257 mJcm -z, repetition rate 15 Hz, 280000 pulses. 

of 14 torr. The hydrogen concentra t ion in the film 
as obtained by SIMS analysis (Fig. 9) is 4 x 10 2o 
atoms cm -3 which is 0.8%. The hydrogen amoun t  
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was lower (0.4%) in a film deposited at 14torr .  
This concentra t ion is very low compared  to silicon 
deposit ion by a CO2 laser irradiating silane or disilane 
[23].  

4. Conclusions 
Silicon thin films were grown on Si (1 00) and SiO2/Si 
(1 0 0) substrates using an ArF  laser irradiating paral- 
lel to the substrate. The optimal range of parameters  
for deposit ion was specified according to film quality 
and deposit ion rate. Good-qual i ty  films were charac- 
terized by smooth  morpho logy  with a cluster size of 
less than 0.1 ~tm. These films had good  spectral reflec- 
tance in the visible range and their thickness could be 
measured by ellipsometry. The optimized range was 
limited by powder  formation in the gas phase and on 
the substrate. The silicon films were amorphous  in the 
as-deposited form, and contained oxygen, ca rbon  and 
hydrogen in amounts  less than 1%. 
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Figure 9 Hydrogen concentration profile of silicon film deposited 
on SiO2/Si at vertical configuration. Deposit ion conditions: 
silane/Ar flow rate 20 s tandard cm 3 rain -1, total pressure 61 torr, 
temperature 430 ~ laser energy 257 mJ  c m -  2, repetition rate 15 Hz, 
280000 pulses. 
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