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Abstract: Hydrogenated microcrystalline silicon (pc-Si: H) films with a high deposition rate of 1. 2nm/s were prepared by

hot-wire chemical vapor deposition (HWCVD). The growth-front roughening processes of the pc-Si: H films were investi-

gated by atomic force microscopy. According to the scaling theory, the growth exponent 0. 67, the roughness exponent «

~0. 80,and the dynamic exponent 1/z = 0.40 are obtained. These scaling exponents cannot be explained well by the

known growth models. An attempt at Monte Carlo simulation has been made to describe the growth process of pc-Si: H

film using a particle reemission model where the incident flux distribution,the type and concentration of growth radical,

and sticking, reemission,shadowing mechanisms all contributed to the growing morphology.
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1 Introduction

pe-Si: H thin films have been widely applied to
solar cells,thin film transistors,and flat panel displays
owing to their good opto-electronic properties. It is
desirable to understand the growth mechanism of pc-
Si: H film in order to improve its opto-clectronic
properties further. Low-temperature growth of pc-Si:
H thin films generally leads to surface roughening.
The roughening process can be modeled by the scaling
theory. In the scaling theory, the root-mean-square
surface roughness ( w) has an exponential relation
with film thickness (d) as w ~ d*, where § is the
growth exponent that describes how the vertical
width of the surface scales with time''’. The main
growth process determines the surface morphology of
the film,which can be characterized by specific values
of scaling exponents. For example, 3 has the universal
value of 1/2 for zero diffusion, 1/3 for finite diffu-
sion, and 0 for step flow growth mode. Therefore,
scaling analysis of the growth front provides an effec-
tive approach to study the growth mechanism of thin
film.

The surface roughness studies of amorphous Si
thin films prepared by plasma enhanced chemical va-

2=51  Jow-pressure chemical vapor depo-
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b

por deposition

sition"®, sputtering and thermal evaporation™

have been investigated to get a basic understanding of
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film growth process. However, little is known about
the growth mechanism of device-quality pc-Si: H films
with a high deposition rate at low temperature in a
HWCVD process.

In this paper, we report the surface roughness
evolution of pc-Si:H thin film prepared at a high de-
posited rate by HWCVD. The scaling behavior from
AFM images and the surface morphology simulated by
the Monte Carlo method for pc-Si:H film growth are
presented.

2 Experiment

The pc-Si: H thin films were deposited on glass
(corning 1737) at the pressure of 5Pa by HWCVD.
The distance between the filament and the substrate
was 4cm, the hydrogen dilution ratio R = H,/(H; +
SiH,) was 88% , the silane flow rate was 18sccm, the
substrate temperature was 250C, and the filament
temperature was 1900C. The thicknesses of films
were measured by Dektek 3st,and the deposition rate
of 1.2nm/s was obtained from the thicknesses of
films and the deposition time. The crystalline volume
fraction (X.) was estimated by Raman spectroscopy.
X. of all the films is about 50%. The surface mor-
phologies of the films were observed by AFM
(Nanonscope IIla). The surface height and the w val-
ue of the film can be obtained by AFM images.
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Fig.3 r-H(r) curves in log-log scale for different d

Fig.1 AFM images (1pumX1pm) for the films with d = 150,
277.546,and 740nm, respectively

3 Results and discussion

Figure 1 shows the AFM images of the surface
morphological growth of thin films with different
film thicknesses (d). The size of the grain becomes
larger as d increases. The d dependence of w in log-
log scale is shown in Fig. 2,and the linear fit gives §=
0.67.The data for d <<30nm are not included in the
fitting because the initial film growth does not obey
the dynamic scaling theory. Further information on
the surface morphology,i.e. ,the local and the lateral
characteristics, can be extracted from the height-
height correlation function H (r) = (Lh (r) — h
(0) > .where h(r) is the surface height at position r
obtained by AFM, and the notation ¢--+) indicates a
statistical average. The scaling hypothesis requires
that H(r)~r* for r<<&,and H(r) =2w? for r>&%,
where o is the roughness exponent describing the
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Fig.2 Dependence of w on d in log-log scale

surface texture in the short scaling range,and ¢ is the
lateral correlation length representing the lateral size
of the mountains and valleys in the surface. & grows as
d'*, where 1/z is the dynamic exponent. Dynamic
scaling requires z = o/p for stationary growth.

The r-H(r) curves for different d are plotted in
Fig. 3. The overall behaviors of H(r) curves are simi-
lar without regard to d. A kink appears between the
linearly increasing and the saturation regime of the
H(r) curves,and then the values of & are determined.
In the region r <&, the values of o can be deduced
from H(r)-r*. Although d is different.all the values
of ¢ are the same at ~0. 80. The dependence of £ on d
is plotted in Fig. 4,which gives 1/z =0. 40 by a linear
fit. The value of 1/z ( =pg/a) calculated from the pa-
rameters « and f obtained above is 0. 84, which is not
consistent with the fitting value of 1/z = 0.40. This
indicates that the pc-Si film growth cannot be scaled
by the conventional scaling law, which requires a sta-
tionary growth mechanism.

The growth process caused by the non-stationary
growth is more complicated and strongly dependent
on the deposition conditions. A wide range of scaling
exponents for Si thin films has been reported,and the
reported exponents seem to depend on the deposition
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methods as well as the experimental conditions. For
example,Karabacak et al.'” observed 3=0.41%0.01
by sputtering. Yang et al . obtained = 0.26 £ 0. 02
by thermal evaporation. Kondo et al.™ found g =
0. 36 and Dalakos et al.""" got g~1 by PECVD.and
Richardson et al . reported g=0.82 by HWCVD.
Roughness evolution of the film surface depends on
type.concentration,energy,charge of the growth rad-
icals,and sticking, reemission, shadowing, surface dif-
fusion, and desorption processes. Therefore, Monte
Carlo simulations may be helpful to understand the
growth processes further.

4 Simulations

The simulation details were reported by Zhao
et al ."'*' . Briefly,the surface is described by a height
function h (x, y) defined on a N X N lattice (N =
1024) . The periodic boundary condition is adopted in
the simulation. One particle is deposited once and
more than 10® particles are assumed to be deposited. A
random site in the x-y plane is chosen for deposition.
As a particle arrives at this position,it either sticks on
a site with a certain probability or is reemitted. The
average probability of sticking, referred to as the
sticking coefficient (s),is a result of the complicated
interactions between the incident radical and the sur-
face. The s values of the species can range between 0
and 1,and are believed to be dominant in our simula-
tions.

If reemitted,this particle may re-fall down to an-
other site of the surface and then repeat the same
process again. Nucleation forms island structures
first,and the reemitted behavior means the incoming
particle flux has an angular re-distribution that affects
the surface morphology of the growth front. We call
incident particles zeroth-order particles, while an nth-
order particle that has been reemitted is called an
(n + 1) th-order particle. An nth-order particle has a
probability s, of sticking,where s, is called the nth-
order sticking coefficient. In fact,a reemission process
is characterized by, among other things, its sticking
coefficients. This reemission process has been applied
to interpret growth front roughening in LPCVD suc-
cessfully'® .

If all the factors and growth processes are consid-
ered in the simulations, the simulations will be diffi-
cult to carry out. At low substrate temperature, the
surface diffusion and desorption of radicals can be
neglected. Here, we assume that the different radical
proportions and the sticking coefficient (s) are the
main input parameters in the simulations.

First,we determine the proportions of radicals. It
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Tablel Model, input parameters, and output results of Monte
Carlo simulations

Parameter Result
Model Propor'tion of
radicals s values B a
(SiH/SiH3)
1st SiH:s = 1
L. 0.05/0.95 . 0.49 10.70
reemission SiH;:50= 0.54,5:=1.0
SiH: So = 1
4th . .
L. 0.05/0.95 SiHz: s; = 0.54 (i = 0~4) | 0.67 |0.75
reemission - 1.0
S5 = .

is difficult to determine the absolute concentration of
radicals under a certain deposited condition. Accord-
ing to the results reported by Nozaki et al.'™, the
main growth radicals are SiH and SiH; under the dep-
osition pressure of 6. 7Pa and gas flow ratio of Fsm4/
Fy, =10/150. The concentration of SiH; is about one
order of magnitude higher than that of SiH. Our dep-
osition conditions are similar to that of Nozaki and
the ratio of particle numbers of SiH/SiH; is adopted
from Ref.[13] to be 0. 05/0. 95.

Second, the values of s for SiH and SiH; need to
be determined. According to the experimental results
reported by Ho, Ramalingam, and Hamers
et al "% we selected the s values of SiH and SiH;
to be 1. 0 and 0. 54 as the input parameters in the sim-
ulations. All the input parameters are listed in
Table 1.

The scaling exponents obtained through simula-
tions are summarized in Table 1. By comparing the
simulation results with the scaling exponents obtained
from AFM images, we found that it is necessary to
consider the high-order reemission process. Simulation
results indicate that the scaling exponents converge as
n=4.For the 4th reemission,3= 0.67 and « = 0.75
are obtained, which are in agreement with g= 0.67
and « = 0. 80 deduced from the AFM images. Figure 5
shows four two-dimensional simulated surface images
obtained by considering the 4th reemission model.
The grains become larger as the number of deposited
particles increases. These images seem to be similar to
the AFM images presented in Fig. 1.

Because of the shadowing effect, for the 1st ree-
mission process with small s,, more particles are re-
mitted to the valleys than to the peaks,so the surface
will be tend to be smooth. With the introduction of
the nth reemission,the particle flux at the valley will
have a greater probability of reemitting. Therefore,
the smoothing effect will be weaker. Thus,the growth
exponent 3 will be larger.

5 Conclusion

pe-Si: H thin films with a deposition rate of
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