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Effect of hydrogen on adsorbed precursor diffusion kinetics during
hydrogenated amorphous silicon deposition

K. R. Bray, A. Gupta, and G. N. Parsonsa)

Department of Chemical Engineering, North Carolina State University, Raleigh, North Carolina 27695

~Received 12 December 2001; accepted for publication 11 February 2002!

Fractal analysis of the surface topography is used to study the effects of hydrogen dilution on the
surface transport kinetics during the plasma deposition of hydrogenated amorphous silicon. Images
obtained from atomic force microscopy are examined using dimensional fractal analysis, and
surface diffusion lengths of growth precursors are estimated from the measured correlation lengths.
The addition of small amounts of hydrogen~H2 /SiH4 ratios ,10/1! during deposition leads to a
decrease in the diffusion length, but larger hydrogen dilutions result in increased diffusion length.
Moreover, the measured surface diffusion activation barrier is reduced from 0.20 eV for deposition
from pure SiH4 to 0.13 eV with high hydrogen dilution. Results are consistent with recent models
for precursor surface transport during low-temperature deposition, and give insight into critical
processes for low-temperature silicon crystallization. ©2002 American Institute of Physics.
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Plasma deposition of hydrogenated amorphous sili
~a-Si:H! results in very smooth, conformal surfaces and n
thermally activated growth rates over temperatures rang
from ,25° to 400 °C.1–4 Typical models fora-Si:H growth
presume that radical precursors generated in the gas p
adsorb and diffuse on the surface with low thermal barrie
giving rise to the observed smooth conformal surfa
coverage.2,3,5 The evolution of surface roughness as a fun
tion of process conditions during film growth can be used
characterize transport processes ona-Si:H surfaces6–8 and
analyze kinetics of adsorbed precursor diffusion.9–11 Experi-
mental characterization of precursor diffusion is importa
because it can be used to evaluate and expand models o
growth, which are important to optimize and improve ma
rial quality. Moreover, because silicon plasma deposition
volves only two elements~Si and H!, it is an important
model system to help advance understanding of lo
temperature activated film growth processes in general.

Critical parameters from the surface roughness evolu
include the static and dynamic scaling coefficients,a andb,
and the lateral correlation length,Lc , and measurement o
these parameters allow surface transport mechanisms
cluding viscous flow, evaporation/condensation, bulk dif
sion, and surface diffusion, to be differentiated and ide
fied. For self-similar surface structure, the lateral correlat
length is related to the distance over which a connection
surface roughness extends, andLc is related to the precurso
diffusion length. Therefore, under correct conditions, the
fect of deposition temperature onLc gives insight into pre-
cursor transport kinetics.3,6,8,11

In this letter, the lateral correlation length is determin
as a function of hydrogen dilution for amorphous silic
films deposited by plasma enhanced chemical vapor dep
tion ~PECVD! from mixtures of silane, helium, and hydro
gen using temperature between 25 °C and 350 °C in two
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ferent reactor systems.12,13 Surface topography of the
deposited films was characterized by atomic force micr
copy, and frequency and dimensional analyses were use
extract correlation length from the topography data.

Results of dimensional analysis is shown in Fig.
where the root-mean-square~rms! roughness is plotted ver
sus length scale for 1000 Å thick amorphous silicon film
deposited with SiH4 /He/H2 ratios of approximately:~a!
1/50/0, ~b! 1/100/0,~c! 1/50/50, and~d! 1/150/50. For each
sample, the roughness increases with measurement le
then saturates at a valuessat. The lateral correlation length
Lc , is the distance at which the surface roughness fi
reaches its saturation value, and is;50 nm for samples

FIG. 1. Fractal analysis of 1000 Åa-Si:H films deposited with varying
helium and hydrogen dilutions.~a! SiH4 /He 1/49, ~b! SiH4 /He 1/99, ~c!
SiH4 /He/H2 1/49/50,~d! SiH4 /He/H2 1/149/50. The correlation length,Lc ,
where the rms roughness saturates with length, increases with hydr
dilution. The curves are offset of clarity. Lines are guides for the eye.
6 © 2002 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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deposited without hydrogen, and is larger~;80 nm! for
samples deposited with hydrogen under these conditi
The scaling analysis result ina51 and b50.26 for films
deposited with only SiH4 and He, anda50.7 andb50.22
for films deposited with additional H2 dilution. The differ-
ence in the scaling coefficients indicates a distinct differe
in surface transport with hydrogen dilution, but the scali
parameters for all conditions studied are consistent with
face diffusion dominating surface transport.14 It is important
to note that not all conditions for silicon plasma depositi
lead to surface transport dominated by diffusion. For
ample, parameters obtained from films deposited with ar
dilution show nonself-similar scaling, so transport mech
nisms cannot be simply evaluated.11

The lateral correlation length was measured for fil
deposited at several H2 /SiH4 ratios at various temperature
and the results are shown in Fig. 2. For all temperatu
studied, as the H2 /SiH4 ratio increases from 0–10, the co
relation length is observed to decrease slightly. As
H2 /SiH4 ratio increases further, there is a rapid increase
the correlation length, which then saturates at a cons
value. It was speculated that the observed change in la
correlation length with hydrogen dilution could be simp
due to gas phase dilution and a decrease in precursor flux
test this possibility, the effect of gas dilution onLc was mea-
sured using helium/silane mixtures. The data in Fig. 1 sho
that as He dilution increases from 50/1 to 100/1@samples~a!
and ~b!#, the correlation length increases slightly, consist
with a small dilution effect. However, sample~c! with a
50/50 He/H2 ratio has the same relative silane concentrat
as sample~b!, but a significant increase inLc is observed.
Similarly, when the helium flow is again increased from
to 150 sccm, only a small change inLc is observed. These
results indicate that the changes in correlation length are
marily due to hydrogen and not due to changes in rela
precursor flux to the surface.

The correlation length was measured for a series

FIG. 2. The correlation length,Lc vs the H2 /SiH4 ratio.Lc remains constant
with low H2 dilutions, then increases with high hydrogen dilutions for film
deposited at~a! 25 °C, ~b! 100 °C, and~c! 150 °C. The lines are guides fo
the eye.
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a-Si:H films deposited over a range of substrate tempera
~25 °C–350 °C!, and the diffusion activation barrier (Ea)
was estimated from an Arrhenius plot ofLc

2 versus 1/T.
Figure 3 showsLc

2 versus 1/T for a set of films deposited
with pure SiH4 , a set deposited with SiH4 /He, and two sets
deposited with SiH4 /He/H2 mixtures. The data shows th
same surface diffusion activation barrier~0.20 eV! for films
grown with pure SiH4 and SiH4 /He mixtures. These two set
of films were deposited in different reactor systems, and
similarity in the two data sets indicates the robustness of
analysis. When H2 is added to the SiH4 /He mixture, an in-
teresting trend inEa is observed. For small amounts of H2 ,
(H2 /SiH4;10) Ea remains at 0.20 eV, but for large
amounts of H2 a marked decrease inEa to 0.13 eV is ob-
served.

We can understand the trends in correlation length,
sorbed precursor diffusion length, and diffusion activati
energy as follows. The diffusion distance is generally a fu
tion of the species residence time on the surface, the dista
per ‘‘hopping’’ step, and the energetic barrier to hoppin
When relatively small amounts of hydrogen are used,
precursor diffusion length is observed to decrease, and
activation energy is not significantly affected. This reducti
in the diffusion length is attributed to the reduced residen
time of the growth precursors on the surface due to ad
tional flux of incident H radicals that increases the dire
abstraction of adsorbed silyl precursors from the surface.
der larger flux conditions, however, the diffusion length
observed to increase, and the barrier for diffusion is obser
to decrease. The decrease inEa and increase inLc are as-
cribed to a change in dominant surface hydride bonding. H
drogen exposure will remove higher surface hydrides by
straction, and promote more monohydride surface bond
It has been proposed that the monohydride surface prese
smaller barrier for precursor diffusion as compared to di- a

FIG. 3. Arrhenius plots of ln(Lc
2) vs 1/T for a-Si:H films deposited from

SiH4 ~from reactor two!, SiH4 /He, and SiH4 /He/H2 mixtures~from reactor
one!.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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trihydride bonded regions.15 This surface hydrogen depen
dent transport model is fully consistent with widely know
experimental results describing the growth rate,16,17 bonded
hydrogen distribution,18,19 surface reaction probabilities,16

and with predicted trends in diffusion activation barrie
based on a detailed kinetic analysis of dominant reac
processes that occur during deposition.15

We believe that results presented here have impor
implications for understanding silicon deposition, as well
crystallization during PECVD. While it is possible that th
observed reduction in precursor diffusion barrier upon
drogen dilution results from a transition from amorphous
microcrystalline structure, it is important to note that the e
planation presented herein does not specifically rely on
face crystallization. In this picture therefore, the increase
precursor diffusion length upon hydrogen dilution could o
cur before significant crystallization of the growth surfac
This means that the increased surface diffusion length co
be a condition that promotes crystallization, rather tha
resulting product of the crystallized surface structure.

This work was supported under NSF Grants CT
9624612 and 0072784.
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