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Temperature dependence of the surface roughness evolution
during hydrogenated amorphous silicon film growth

A. H. M. Smets,a) W. M. M. Kessels, and M. C. M. van de Sanden
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 19 September 2002; accepted 13 December 2002!

The scaling behavior of the surface morphology of hydrogenated amorphous silicon deposited from
a SiH3 dominated plasma has been studied using atomic force microscopy andin situ ellipsometry.
The observed substrate temperature dependence of growth exponentb reflects a crossover behavior
from random deposition at 100 °C to a surface diffusion controlled smoothening around 250 °C to
full surface relaxation around 500 °C. This crossover behavior has been reproduced by Monte Carlo
simulations assuming a site dependent surface diffusion process, revealing an activation energy of
;1.0 eV for the ruling surface smoothening mechanism. The implications fora-Si:H growth are
discussed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1543237#
s

o

d

o

-

w
g

f
-

e

or
o

m

s
m

es
ng

ent
t

to

he
The evolution of the surface morphology of thin film
can show scaling characteristics that are directly related
the growth processes occurring during film growth.1 In this
letter we address the evolution of the surface morphology
hydrogenated amorphous silicon (a-Si:H) to obtain insight
into surface diffusion processes that are generally assume
be crucial fora-Si:H growth.2–9 More specifically, we will
provide more evidence for the fact that surface diffusion
physisorbed SiH3 radicals is not responsible for thea-Si:H
surface smoothening mechanism,10 as has often been sug
gested in the literature.4,8,11

Family and Viscek12 introduced a general scaling la
that describes the evolution of the root-mean-square rou
nessW(L,t) of a growing film. Adopting the notation o
Barabasi and Stanley,1 theW(L,t) values of a so-called self
affine surface obey the scaling lawsW(L,t)}LaF(u)}tb for
u!1 andW(L,t)}LaF(u)}La for u@1;12 with L the sys-
tem size of the surface,t the mean film thickness,u5t/tx a
normalized scaling parameter,tx}La/b the crossover thick-
ness,a the roughness scaling exponent, andb the growth
scaling exponent.1,12 Every self-affine growth process can b
classified according to its scaling exponentsa and b. For
example, a pure diffusion class witha'0.96 andb'0.26
has been reported fora-Si growth by thermal evaporation.13

However, fora-Si:H growth by plasmas the reporteda and
b values are in the range 0.5–1.0 and 0.1–0.5 fora andb,
respectively.3–9 In this letter, we report the scaling behavi
of the a-Si:H roughness evolution for a broad range
growth ratesRd and substrate temperaturesTsub. The films
have been deposited by the remote expanding ther
plasma ~ETP! under conditions in which film growth is
dominated by SiH3 and in which ion bombardment i
absent.14 The surface reactions are, therefore, purely che
cal.

The scaling exponents for thea-Si:H films have first
been studied using atomic force microscopy~AFM!. Figure 1
shows typical AFM data in which the normalized valu
W( l ,t)/tb andW( l ,t)/ l a have been plotted versus the scali
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parameteru. For these data both the AFM scan sizel ~10
nm–10mm! and the film thicknesst ~10 nm–3mm! have
been varied. The slopes of the dotted lines in Figs. 1~a! and
1~b! correspond to a roughness and growth scaling expon
of a50.960.2 andb50.2860.03, respectively. The fac
that W( l ,t)/ l a is proportional toub and W( l ,t)/tb is con-
stant foru!1 implies thatb is well defined whenu!1. For
u@1 on the other hand, it is not evident thatW( l ,t)/ l a is
constant and thatW( l ,t)/tb scales withu2b. This is caused
by the limited sensitivity of AFM for small scan sizes.@Note
that lÞL, however,W( l ,t) scales withl a when t,tx ~Ref.
1!#. The u@1 region is, therefore, experimentally hard
access, because accurate determination ofa requires largeu
values, and thus the measurement of very thicka-Si:H films
on small scan sizesl . As a consequence, the rescaling of t
data as done in Fig. 1 yields no reliable information ona.
More accurate is the determination ofa from the power

FIG. 1. Normalized root-mean-square roughnessW( l ,t)/ l a ~a! and
W( l ,t)/tb ~b!, obtained from AFM analyses ofa-Si:H deposited at 70 Å/s
and 250 °C, plotted vs scaling parameteru}t/La/b.
© 2003 American Institute of Physics
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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spectrum density of the AFM scans.1 This has revealeda
values ranging from 0.4 up to 0.8 for the data described
this letter.

The AFM data in Fig. 1 show that reliable values of t
growth exponentsb can be obtained fromW( l ,t) as a func-
tion of sample thicknesst in the rangeu!1. Theb values
can be determined more accurately thana and, therefore, we
will use theb values to determine the scaling universality
a-Si:H growth. Furthermore,b values have been obtained b
monitoring the a-Si:H roughness evolution by real tim
ellipsometry,2,15 which automatically yields data in theu
!1 range of Fig. 1 due to the macroscopic surface a
probed by the ellipsometer. We used a rotating compens
ellipsometer~RCE! operating at single wavelength~632.8
nm!.15 The inset in Fig. 2 shows a comparison betwe
W( l ,t) values obtained from RCE and AFM for the sam
deposition condition. The good agreement between thb
values of RCE (b50.2760.03) and AFM (b50.2960.03)
validate that RCE is a ‘‘fast’’ method to accurately determi
b.15

The values ofb obtained by AFM and RCE for variou
growth rates is plotted versus substrate temperatureTsub in
Fig. 2. It is evident thatb is always smaller than 0.5 and th
b decreases with increasingTsub. This decrease suggests
temperature dependent surface smoothening mechan
Moreover, this dependence ofb on Tsub resembles a genera
trend as results reported in the literature~included in Fig. 2!
for a wide variety ofa-Si:H deposition conditions show
good agreement. Furthermore, within the accuracy ofb no or
a weak growth rate dependence has been found, althougRd

varies more than one order of magnitude.
In the literature, a limited number of universality class

has been reported. For a two-dimensional surface the
plest universality class is ‘‘random deposition’’~RD! in
which the randomly arriving SiH3 radicals stick at impact on
the surface without any subsequent surface smoothe

FIG. 2. Growth exponentb of ETP a-Si:H vs substrate temperature fo
Rd52 Å/s21 ~h, RCE!, 5 Å/s21 (3, RCE!, 22 Å/s21 ~s, RCE!, 22 Å/s,
and 70 Å/s~n, AFM!. b values obtained from AFM and scanning tunnelin
microscopy measurements as reported in the literature@l, 2 Å/s21 ~Ref. 3!;
d ~Ref. 4!; m, 0.3 Å/s21 ~Ref. 5!; ., 0.7 Å/s21 ~Ref. 6!# are included as
well. Simulation results using the SOS model are given by the solid
(E050.7 eV,E150.3 eV); and dashed line (E051.0 eV,E150.3 eV). The
RD, RDD, and RDR universality classes are indicated by the horizo
dotted lines. In the inset theW( l ,t) values obtained by AFM~h! and RCE
~d! are given vs deposition timet (Rd522 Å/s, Tsub5250 °C).
Downloaded 30 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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mechanism. For the RD universality classb5 1
2 and a is

undefined.1 The universality class in which the randomly a
riving radicals diffuse instantaneously to the nearest step-
surface site is called ‘‘random deposition with surface diff
sion’’ ~RDD!. For RDD, simulations have revealed thata
'1 and b'0.25.16,17 The ‘‘random deposition with relax-
ation’’ ~RDR! universality class allows the radicals to stick
local height minima. RDR, which corresponds toa5b50,
leads therefore to even more surface smoothening.1 When we
consider these three unique universality classes, Fig. 2
flects the crossover from RD at 100 °C to RDD arou
250 °C and to RDR for the highest substrate temperature7

Figure 2 suggests a gradual transition between the
ferent universality classes. This can be explained by the
that surface smoothening mechanisms become activ
when increasingTsub, whereas RD, RDD, and RDR eac
describe growth with only one specific smoothening mec
nism. This smoothening mechanism is assumed to be ins
taneous and does, therefore, not reveal information ab
thermal activation. During actuala-Si:H growth, adsorption
of the SiH3 radical can take place in multiple ways an
consequently, also more than one activation energy for
face diffusion can be involved. We invoke, therefore, that
crossover in universality classes fora-Si:H growth under the
purely chemical deposition conditions can be interpreted
similar way as for film growth under molecular beam epita
~MBE! as done in the work by Das Sarma and co-worker16

Analogously to the work on MBE, we have assumed th
the crossover phenomena in Fig. 2 are caused by a mul
diffusion processes of species adsorbed on the film’s surf
In a solid-on-solid~SOS! model, similar to the one used b
Das Sarma and co-workers,16 we have included multiple
hopping rates for the growing species.7 Although film growth
is assumed to take place by adsorption of SiH3 radicals, there
is in the SOS model no need to actually specify the diffus
species that result in the silicon atom transport over the
face. We also want to point out that thea-Si:H surface is
covered by hydrogen, such that the diffusion process is pr
ably more complex than in the case of MBE. The activati
energies in the model are assumed to be described byE0

1nE1 , in which n51 corresponds to diffusing species o
terrace sites,n52 corresponds to diffusion of stronge
bonded species at step sites, etc. Note thatE0 is the lattice
potential for diffusion whereasE1 reflects a binding energy
and, therefore, only the sum ofE01nE1 has the physical
meaning of a hopping activation energy.

Figure 2 shows theb values obtained from the SO
model by Monte Carlo simulations. Comparing the co
putedb values with the experimental ones, reveals that re
tively high values forE0 (;0.7 eV) andE1 (;0.3 eV) yield
the best agreement. This implies that the lowest activa
diffusion process has a relatively high activation energy
about;1.0 eV. This high activation energy also causes t
only a slight increase inTsub is needed to enhance the diffu
sion rates, and thus to compensate for the increased ar
rate of growth species. This is in agreement with the we
Rd dependence observed in Fig. 2. The model also pred
that b→0 for high substrate temperatures (.500 °C), in
agreement with both the experiments and the RDR regim

Although the model and simulations are considera
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simplified, the SOS model shows that the crossover in u
versality classes for increasingTsub can be explained by sur
face diffusion processes with rather high activation energ
The mechanism that is ruling the smoothening of the surf
is activated by;1.0 eV and this value is incompatible wit
surface smoothening by diffusion of physisorbed SiH3 radi-
cals, with assumed activation energies of;0.2– 0.3 eV, as
often proposed in the literature.4,8,11,18 This provides evi-
dence that physisorbed SiH3 is not responsible for the de
creasing surface roughness ofa-Si:H with increasingTsub in
accordance with the earlier conclusion that not physisor
SiH3 but the position of the dangling bonds on the surfa
determines the surface roughness.3,10 The dangling bonds ac
as growth sites for the SiH3 radicals and ultimately the SiH3
radicals will stick at these dangling bonds, even in the c
that the physisorbed SiH3 radicals have diffused over th
surface. Note, that from our data we do not exclude the p
ence of physisorbed SiH3 radicals. Physisorbed SiH3 radicals
might still be necessary to explain the low dangling bo
~DB! density by a Kisliuk type of adsorption process.10

A mechanism that could be compatible with the hi
activation energy for surface diffusion is the diffusion
chemisorbed hydrogen. This process is observed on hy
genated crystalline silicon and might have a reduced act
tion energy on the relaxed amorphous surface ofa-Si:H.19

Hydrogen diffusion can cause the dangling bonds to end
at preferential surface sites such as steps or in valley20

However, when we hold on to the existence of physisorb
SiH3 radicals, the lifetimetDB of a dangling bond is given by
tDB5(uDBn3)21, with uDB the dangling bond surface cove
age andn3 the thermally activated attempt frequency f
hopping of the SiH3 radical.21 If we assume thatuDB

51024 and n351010 Hz, we findtDB51026 s a value too
short for the dangling bonds to reach the surface step
valleys within the growth time of a monolayer~typically,
.10 ms). In this case, the diffusion of chemisorbed surf
silicon atoms might cause the surface smoothening. The
fusion of this kind of species would also be compatible w
the high activation energy of;1.0 eV, although exact acti
vation energies for such species are difficult to predict du
the presence of hydrogen on thea-Si:H surface.

In conclusion, we have investigated the substrate te
perature dependence of the growth exponentb for a-Si:H
growth dominated by SiH3 radicals under purely chemica
Downloaded 30 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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conditions. A general trend in whichb decreases with in-
creasing substrate temperature has been observed refle
the crossover from universality classes RD→RDD→RDR
with increasing temperature. Comparing this trend w
Monte Carlo simulations based on a simplified SOS mo
we have concluded that the diffusion process ruling surf
smoothening is activated with;1.0 eV. This high activation
energy provides additional evidence that physisorbed S3

does not explain the decreasing surface roughness ofa-Si:H
with increasing substrate temperature.
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