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Deposition pressure effect on the surface roughness
scaling of microcrystalline silicon films*
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The scaling behaviour of surface roughness evolution of microcrystalline silicon (uc-Si:H) films prepared by very-
high frequency plasma-enhanced chemical vapour deposition (VHF-PECVD) has been investigated by using a spec-
troscopic ellipsometry (SE) technique. The growth exponent 8 was analysed for the films deposited under different
pressures Py. The results suggest that films deposited at Py = 70 Pa have a growth exponent 3 about 0.22, which
corresponds to the definite diffusion growth. However, abnormal scaling behaviour occurs in the films deposited at
Py = 300 Pa. The exponent 8 is about 0.81 that is much larger than 0.5 of zero diffusion limit in the scaling theory.
The growth mode of pc-Si:H deposited at Py = 300 Pa is clearly different from that of pc-Si:H at Py = 70 Pa. Monte
Carlo simulations indicate that the sticking process and the surface diffusion of the radicals are two key factors to affect
the growth mode under different pressures. Under Py = 300 Pa, 8 > 0.5 is correlated with the strong shadowing effect
resulting from the larger sticking coefficient.
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1. Introduction

In the last decade, pc-Si:H thin films have at-
tracted a great deal of interest, especially for solar cell
applications because of its better stability against pro-
longed illumination."? The pc-Si:H thin film can be
deposited by radio-frequency plasma-enhanced chem-
ical vapour deposition (RF-PECVD)B! and very-high
frequency plasma-enhanced chemical vapour depo-
sition (VHF-PECVD).[ Compared to RF-PECVD,
VHF-PECVD has the advantages of higher electron
density and lower ion energy, and thus the high-
quality pc-Si:H film with high deposition rate can be
successfully obtained by using VHF-PECVD.!®”! The
study of pc-Si:H films prepared by VHF-PECVD as
a novel technique mainly focuses on the process of
fabrication,!~8 the growth mechanism is still not
clear.

The deposition pressure is one of the key param-
eters to determine the property of uc-Si:H prepared
by VHF-PECVD. The property of uc-Si:H varies with
deposition pressure, which may result from the charac-
teristic of the growth process, i.e. the sticking proba-
bility, the surface diffusion coefficient of the radical. A

systemic study of pc-Si:H obtained by VHF-PECVD
on the growth mechanism under different deposition
pressures is helpful to have a better insight into the
growth process.

The growth of Si thin films using VHF-PECVD
at low temperatures (~200 °C) is a non-thermal equi-
librium process. The thin film growth fronts un-
der nonequilibrium conditions always show the scaling

behaviour.l9—11]

In the scaling regime, the root-mean-
square surface roughness w increases as a power law
of the film thickness d, w ~ d?, where 3 is the growth
exponent related to the film growth mechanism. The
values of 8 are 1/2 for zero diffusion, 1/3 for finite
diffusion and 0 for the step flow growth.['? Therefore,
scaling analysis of thin-film surface is an effective ap-
proach to study the film growth mechanism.

In this paper, two sets of pc-Si:H films grown
for various lengths of deposition time are prepared
by VHF-PECVD at different deposition pressure Py
of 70 and 300 Pa. We investigate the evolution of the
surface roughness in the process of the pc-Si:H growth
by spectroscopic ellipsometry (SE), derive the 8 val-
ues from the scaling analysis, and discuss the possible
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growth mechanisms from the g values. We also sim-
ulate the growth process by the Monte Carlo method
and indicate what factors influence the growth process
under different pressures.

2. Experimental details

Two sets of pc-Si:H films for various lengths of de-
position time were prepared by VHF-PECVD with the
deposition pressures P, of 70 and 300 Pa. Substrates
were the glass. Other deposition parameters were as
follows: excitation frequency 75 MHz, distance be-
tween two electrodes 1.5 c¢m, silane concentration (SC
= [SiHy] / ([Hz] + [SiHy4))) 4%, substrate temperature
220 °C, electrical source power 140 W, and total gas
flow rate 250 sccm. For Py = 70 Pa, films were de-
posited for the growth time being 1, 2, 3, 5, 10, 20,
30, 60, 74 min. For P, = 300 Pa, films were deposited
for the growth time of 1, 2, 5, 7, 10 min. The ellip-
sometry spectra (1, A) of Si films were obtained using
VASE variable angle spectroscopic ellipsometer (J. A.
Wollam) in the spectral range of 204~1000 nm. The
angle of incidence is fixed at 70°.
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3. Results and discussion

Figure 1 shows the SE spectra for the growth time
t = 20, 30, 60 and 74 min at P, of 70 Pa. The dashed
lines are the fit spectra using the two-layer model. In
the two-layer model, the dielectric function of the sur-
face roughness layer (eg,,t) was modeled as a 50/50-
vol % mixture of the dielectric functions of bulk layer
(ebulk) and voids using the effective medium theory
(EMT). The surface roughness layer thickness ds and
bulk layer thickness d}, for P, of 70 Pa was determined
using the Wvase32 software. The film thickness d is
calculated by dy, + ds. The study indicates that ds is
linear with w,['34 so d and d have the relation of
ds ~ d?. The log-log plot of surface roughness layer
thickness ds versus the film thickness d is shown in
Fig. 2. The linear fit of Fig. 2 yields § ~ 0.22, the
data of d < 34 nm are not included in the fitting be-
cause the film growth in this regime does not obey the
scaling theory. The parameter 5 ~ 0.22 corresponds
to the definite diffusion growth, namely, after the rad-
icals arrive at the growth surface, they may diffuse
around and stick at a position with lower energy.
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Fig. 1. SE spectra of pc-Si:H films deposited at Py of 70 Pa for (a) 20 min, (b) 30 min, (c) 60 min and (d) 74 min. The

dashed lines are the fit spectra using the two-layer model.
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P, =170 Pa, 8= 0.22

ds/nm

..IIOO
d/nm
Fig. 2. The variation of surface roughness layer thick-
ness ds with the film thickness d for films deposited at
P, =70 Pa.

Figure 3 shows the SE spectra for the growth time
of t =2,5, 7 and 10 min at P, = 300 Pa. The log-log
plot of surface roughness layer thickness dg versus the
film thickness d is shown in Fig. 4. The linear fit of
Fig. 4 yields 8 ~ 0.81, which is much larger than 0.5
of zero diffusion limit in the scaling theory. Raman
spectra of pc-Si:H films with film thickness of about
200 nm deposited at P, of 70 and 300 Pa are shown
in Fig. 5. It shows that the films deposited at differ-
ent pressures are both crystallized, and the crystalline
fraction decreases with the deposition pressure.

The pc-Si:H deposited at different pressures

shows two distinct surface scaling behaviours. To
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Fig. 3. SE spectra for Py of 300 Pa measured at (a) 2 min, (b) 5 min, (c) 7 min, and (d) 10 min. The dashed lines are the

fit spectra using the two-layer model.

figure out what factors affect the surface scaling be-
haviours of pc-Si:H film deposited at different pres-
sures, we simulate the growth process of uc-Si:H using
Monte Carlo method. The simulation program was
provided by Zhao, the details were given in Refs. [10]
and [11].
particle falls on a random position on the surface in
the  and y plane with a 1024x1024-lattice size, and
it is either stuck on the surface with a certain proba-

The basic growth process is as follows: A

bility or re-emitted. The average probability of stick-
ing is defined as the sticking coeflicient s. Once the
particle is stuck on the surface, it can diffuse on the
surface. The surface diffusivity of the radical depends
on the energy of the radical, the hydrogen coverage
of the surface, and the substrate temperature. D/F
is introduced to describe the surface diffusion, where
D denotes the number of the surface diffusion atoms
within a unit time, in which F' atoms are deposited on
the surface. We also take into account the shadowing
effect, i.e. some surface points are shadowed from the
incident fluxes of particles due to nearby high surface
features. The shadowing effect results in the distribu-
tion of the incident flux on the growing surface, being
not uniform, i.e. the local low surface receives the

fewer incoming particles than the high surface.
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Fig. 4. The variation of surface roughness layer thick-
ness ds with the film thickness d for films deposited at
Py = 300 Pa.

3000

surface diffusion of the adatom, thus we set D/F =5
at 300 Pa deposition pressure.

Figures 6 and 7 show the simulated surface images
for pc-Si:H deposited at 70 and 300 Pa, respectively.
From Figs. 6 and 7, we see that the pc-Si:H deposited
at different pressures show distinct surface morphol-
ogy. The clusters are larger and the surface is rougher
for pc-Si:H films deposited at 300 Pa than those de-
posited at 70 Pa. Figure 8 illustrates the variation of
the root-mean-square surface roughness w with film
thickness d. From the linear fit, we obtain 5 = 0.23
and 8 = 0.81 for uc-Si:H deposited at 70 and 300 Pa,
respectively, very close to the values of 8 obtained
from the experiments. In the Monte Carlo growth
simulations, only the parameters s and D/F are var-
ied. This implies that sticking process and surface
diffusion of the radicals are two key factors to affect
the growth mode at different pressures.
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Fig. 5. Raman spectra for pc-Si:H films with film thick-
ness of 200 nm deposited at Py of 70 and 300 Pa.

As for the value of s, we refer to the experimen-
tal data of Hamers.['5] Hamers reported the surface
reaction probability Ps, = 0.2 for pc-Si:H with the
deposition rate lower than 1 A/s (1 A = 0.1 nm) by
PECVD. For Py, = s+ v, where + is the probabil-
ity of desorption, the desorption process will not oc-
cur when the substrate temperature is below 400 °C.
In our case, the substrate temperature is 220 °C, so
P, = s. For the puc-Si:H deposited at 70 Pa, the depo-
sition rate is 0.5 A /s, close to the value in the exper-
iment of Ref. [15], so we set s = 0.2, D/F = 10. For
the pc-Si:H deposited at 300 Pa, the deposition rate
is A/ s far higher than the value in the experiment
of Ref. [15], so we have to consider the effect of the
deposition rate. At 300 Pa, the particles fall so fast
that some of the re-emitted particles have not enough
time to re-emit before being covered by the particles
of the next layer. This is equivalent to an increase in
sticking probability of particles, so we set s = 0.6 for
the pc-Si:H deposited at 300 Pa. The lower electron
temperature and higher deposition rate at high pres-
sure of 300 Pa, compared with 70 Pa, decreases the
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1.3x108 particles 1x10° particles
Fig. 6. Simulated surface images of Si films for 1.1x107,
4.5%x107, 1.3%x10% and 1x10? particles on the growth sur-

faces at Py = 70 Pa.

Fig. 7. Simulated surface images of Si films for 1.1 x 107,
4.5 %107, 1.3x10% and 1x10° particles on the growth sur-
faces at Py = 300 Pa.
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Fig. 8. The simulated surface roughness w versus film

thickness d for pc-Si:H deposited at Py of 70 and 300 Pa.
In the KPZ theory,['?l the maximum 3 is 0.5 on
considering that the incident flux falls uniformly on
the growing surface. In our case, considering the
shadowing effect, the high point receives more incom-
ing particles than the lower point, which increases
the surface roughness, so § may be larger than 0.5.
Zhao!'% reported that the strength of shadowing effect
increases with the sticking coefficient, and the value of
B increases abruptly larger than 0.5 when s > 0.5 ow-
ing to the strong shadowing effect. At 300 Pa, the

sticking coeflicient s is 0.6 and the shadowing effect is
strong, so we obtain the much greater 5 = 0.81.

4. Conclusion

The scaling behaviour of surface roughness evo-
lution of pc-Si:H deposited under different pressure
P, by VHF-PECVD has been investigated. For films
deposited at P, = 70 Pa, the growth exponent 3 is
about 0.22, which corresponds to the definite diffu-
sion growth. However, films deposited at P, = 300 Pa
show abnormal scaling behaviour with the exponent 3
of about 0.81 that is much larger than 0.5 of zero dif-
fusion limit in the scaling theory. In the Monte Carlo
growth simulations, the parameters s and D/F were
varied, the values of 3 obtained from the simulations
are very close to the experimental results. This in-
dicates that sticking process and surface diffusion of
the radicals are two key factors to affect the growth
mode under different pressures. For films deposited at
P, =300 Pa, /3 larger than 0.5 is related to the strong
shadowing effect owing to a larger sticking probability.
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