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Surface roughening during plasma-enhanced chemical-vapor deposition of hydrogenated
amorphous silicon on crystal silicon substrates

D. M. Tanenbaum,* A. L. Laracuente, and Alan Gallagher
JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440

~Received 25 October 1996; revised manuscript received 30 April 1997!

The morphology of a series of thin films of hydrogenated amorphous silicon~a-Si:H! grown by plasma-
enhanced chemical-vapor deposition~PECVD! is studied using scanning tunneling microscopy. The substrates
were atomically flat, oxide-free, single-crystal silicon. Films were grown in a PECVD chamber directly con-
nected to a surface analysis chamber with no air exposure between growth and measurement. The homoge-
neous roughness of the films increases with film thickness. The quantification of this roughening is achieved by
calculation of both rms roughness and lateral correlation lengths of thea-Si:H film surface from the height
difference correlation functions of the measured topographs. Homogeneous roughening occurs over the film
surface due to the collective behavior of the flux of depositing radical species and their interactions with the
growth surface.@S0163-1829~97!04932-1#
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I. INTRODUCTION

Thin films of hydrogenated amorphous silicon~a-Si:H!
have a wide range of practical applications, particularly
those applications requiring very large areas and flex
substrates. They are used in the production of commer
photovoltaic modules, thin film transistors in flat panel d
play systems, as well as three-color detectors in imaging
tems. Efforts to reduce defects and improve stability in p
tovoltaic applications have increased our understanding
the material itself. Whilea-Si:H films can be grown under
wide variety of conditions, the best films are typically grow
in low-power rf discharges in pure silane or silane dilut
with hydrogen.1 These films do not exhibit features of co
lumnar growth, as seen in higher-power discharge conditi
or with argon dilution. Electron microscopy studies sugg
that the best-quality material is homogeneous with no irre
larities visible to instruments with nanometer resolution.2–4

In situ ellipsometry measurements during the growth
a-Si:H films suggest initial nucleation is dependent upon
substrate, but is followed by homogeneous film growth
neath a lower-Si-density, H-rich surface layer.5

Understanding the growth kinetics of thin films has bee
major effort in materials science. The development of sc
ning probe techniques has resulted in a renewed effort in
area over the past several years. Theoretical studies bas
the models developed in the 1950s by Herring6 and Mullins7

have been expanded to include a variety of additional effe
including shadowing and diffusion barriers.8 Fractal scaling
models have been suggested as a way to model growth
faces with varying success, and Monte Carlo computer si
lations allow a variety of model surfaces to be calcula
from a set of simple growth models and parameters.9 Unfor-
tunately, experimental studies of even the simplest homo
taxial growth systems reveals a complexity beyond curr
physical models.10–14Schwoebel-Ehrlich step-edge diffusio
barriers can have major consequences for epitaxial grow15

The present case of an amorphous material is free of
type of effect, providing an opportunity to investigate t
560163-1829/97/56~7!/4243~8!/$10.00
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interplay of shadowing, surface diffusion, and chemical p
tential in film growth.

The growth chemistry ofa-Si:H films is more compli-
cated than simple homoepitaxy. There are a variety of rad
species in the growth flux and several types of reactions
possible between the incident flux and the growth surf
depending on both local~bonding configurations, etc.! and
global ~substrate temperature! parameters. Models of growth
recognize varying sticking coefficients, extraction reactio
precursor diffusion, hydrogen diffusion and evolution, a
subsurface cross linking of silicon.16 Monte Carlo simula-
tions of a-Si:H film growth have been much mor
simplified.17–19

Experimental studies ofa-Si:H films reveal a surprisingly
large variety of inhomogeneities in the amorphous netw
that are not fully understood and may play critical roles
limiting a-Si:H device performance. Small-angle x-ray sc
tering data report the presence of microvoids in bulka-Si:H
films.20 Pockets of clustered H atoms are reported by NM
measurements.21 These types of features make the density
a-Si:H ;5% lower than crystalline silicon
~c-Si!. Our previous scanning tunneling microscope~STM!
studies ofa-Si:H films revealed a surprisingly wide variet
of topographic features, including the incorporation of nan
particles in the films from the plasma.21,22 In this paper we
focus on the homogeneous regions of thin films ofa-Si:H,
which represent the vast majority of the film volume. The
measurements should correlate with techniques that ave
over large regions of the film surface.

II. EXPERIMENT

Details of the experimental apparatus have been descr
in previous publications.23 It consists of an ultrahigh vacuum
~UHV! analysis chamber directly connected to a sm
plasma-enhanced chemical-vapor deposition~PECVD!
chamber by a gate valve. The analysis chamber hous
STM, a low-energy electron diffraction and Auger spectro
eter system, and a variety of tools for preparation and stor
of samples and STM probes. The PECVD electrode spac
4243 © 1997 The American Physical Society



th

ur

n

as

o-
tu

n
er
nt
p

g
ag
t,
ity
e

tio
o-
la
ck
zo

d

T
d
re
be

s

c
n

a
ac
00
d
tio

o
n
d

ly
n.

r
th
e
g
o
t

y

d
the
er
y

y
k
r.

V
t in

are
nd
ter

on
tely
ey
00

og-
ve
ne

ick
i-
cter
res

ion
re

e

-

r

pa-
ous
ere
an
ria-
our

in

her-
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is 1.9 cm. The temperature of the chamber walls and
grounded electrode~and substrates! is maintained at
;250 °C during all film depositions. The source gas is p
silane with a pressure of;72 Pa~540 mTorr! and the dis-
charge depleted;5% of the silane flow. The film depositio
rate was 0.1–0.2 nm/s for all films in this study.

STM probes were etched W or PtIr wire, which w
heated in vacuum prior to tunneling onc-Si surfaces. Tun-
neling on Si~100! allowed for the construction of sharp nan
columns on the end of the probe, enabling the probe to
nel down into the surface valleys on thea-Si:H.24

Nanocolumn probes had a radius of curvature less than 2
with a taper of 45°–70° over the final 5 nm. This charact
ization was critical as all STM topographic measureme
are nonlinear contact transforms of the probe and sam
surfaces separated by an;0.5 nm tunneling gap. Tunnelin
currents were 20–60 pA with a negative sample bias volt
~3–6 V magnitude! relative to the probe. The low-curren
high-bias conditions are a result of the very low conductiv
of intrinsic a-Si:H. A measured exponential decay in th
tunneling current with increasing probe-sample separa
confirms we are tunneling above the films. All STM top
graphic data have been analyzed after subtraction of a p
corresponding to sample tilt and removal of a small ba
ground curvature due to nonlinear thermal drift and pie
electric creep.25

The substrates for thea-Si:H films were Si~100! wafers
that were heated in UHV to;1050 °C to remove oxide an
contaminants, resulting in a 231 dimer reconstruction im-
aged by the STM. Each substrate was examined by the S
prior to film growth. Typical 100-nm2 regions were observe
to have a rms roughnesss of 0.05 nm. The substrates we
transferred in vacuum to and from the deposition cham
where they were coated witha-Si:H film. This eliminates
exposure to any contamination sources beyond those pre
during the growth itself.

III. DATA COLLECTION

In order to survey thea-Si:H film topography we looked
at several different macroscopic areas on the film surfa
Typically for samples described in this study six differe
macroscopic regions~'1 mm2, spaced more than 1 mm
apart! were studied for each sample. There was no signific
difference between the regions for the thin films. Inside e
of these regions, a minimum of five images (1
3100 nm2) were recorded. The images have data recorde
1-nm intervals. Images were also taken at higher resolu
~0.1-nm intervals! to look for atomic scale features. All STM
images are taken in constant current mode with feedback
Some images contain distinct features believed to be na
particles in addition to the homogeneous roughness
scribed below. These images are excluded from the ana
in this paper, but are the subject of a previous publicatio21

The undopeda-Si:H typically has a low-field resistivity
r.109 V cm. A calculation of spreading resistance for cu
rent injected from a subnanometer point contact using
number suggests that it would be impossible to conduct th
tunneling currents through the films. The spreadin
resistance picture is incorrect here because the tunneling
curs for energies far from the conduction-band edge and
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very thin a-Si:H films (;10 nm) are significantly doped b
the heavily dopedc-Si substrates. The band gap ofa-Si:H is
;1.7 eV, while we applied aV;5 V between the probe an
the substrate. In order to estimate the relative fraction of
voltage drop in the film and the tunneling gap, we consid
the limit where no current is flowing. The tip is modeled b
a small metal sphere withr'1 nm and the tunneling gap b
a vacuum shell;1 nm thick surrounded by a 100-nm-thic
shell ofa-Si:H («510«0), capped by a grounded conducto
The resulting voltage drop across the film is;10% of the
voltage on the probe. A voltage drop greater than 0.5
across the film can support a space-charge-limited curren
the film of almost 100 nA if thea-Si:H has no deep traps.26

The overall picture is more complicated, but electrons
tunneling into the film several eV above the Fermi level a
these electrons are still in a very high field when they en
the film. The high-energy electrons travel ballistically up
entering the film and, assuming cooling rates approxima
equal to 1 eV/ps,27 traverse tens of nanometers before th
thermalize. The overall transit time for the carriers is 10
times shorter than the deep trapping time in the film.

To ensure that our images represent the true film top
raphy, it is important to establish that we are tunneling abo
the surface with a relatively constant tunneling gap. In o
case we evaporated a 4-nm-thick gold film over a th
a-Si:H film and a crystal silicon sample, effectively elim
nating the voltage drop in the samples. The overall chara
of the images was unchanged, confirming that the featu
observed in the topographs of thea-Si:H are not dominated
by electronic features.

It is simplest to consider the entire surface as a funct
h(x,y), which defines the height at all points on a squa
grid. The height-difference correlation function isG(r)
[^@h(x,y)2h(x8,y8)#2&x,y , where (x8,y8) represents all
points a distancer from (x,y), the angular brackets indicat
an average over the entirexy plane, andh̄ is the mean
height. Asr becomes large, theh values become uncorre
lated andG(r) approaches 2s2, wheres is the rms rough-
ness. Ther for which G(j)5s2 definesj, the lateral corre-
lation length of the surface. Another reasonable choice foj
would be the exponential rise distance ofG. We have chosen
the half height, as it is less influenced by oscillations inG,
which are not our main focus.G(r,t) can be easily com-
pared with dynamic scaling models, wheret represents the
film thickness. The calculation ofG from the data is simpli-
fied slightly from the exact expressions. We consider se
rations only parallel to the scan direction on the amorph
material, which has no preferred orientations. Even if th
were some coupling of the underlying crystal lattice or
oriented step pattern, these would contribute to height va
tions about an order of magnitude smaller than those in
data.

IV. TOPOGRAPHS

Typical data recorded for the different films are shown
Fig. 1. All the images are 1003100 nm2 with the vertical
scale expanded three times the horizontal scales. Hig
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FIG. 1. Series of typical homogeneous 100-nm2 images of thea-Si:H film surface. The total film thickness is labeled below each ima
The vertical scale is expanded three times.
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resolution images such as the image in Fig. 2 do not rev
individual atom sites or substantially different topograph
information. Two trends should be apparent by looking at
topographs in Fig. 1. The first is uniformly lumpy surface
with lumps whose lateral size~j! grows with increasing film
thickness. The second trend is a slight increase in the sur
height ~peak to valley, which is tied tos! with increasing
film thickness.

The height difference correlation functionsG(r) for typi-
cal surfaces of a given film thickness are plotted in Fig.
All the curves exhibit similar behavior for small values ofr,
sharply rising initially and eventually attaining a plate
~with oscillations in some cases! for large values ofr. The
values ofs andj are calculated for each individual image
estimate the uncertainties in these values. TheG(r) curves
for several different images of a given thickness and th
average are shown in Fig. 4.

Figure 5 displayss andj as functions of film thicknesst.
Error bars represent one standard deviation of the va
al
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from the individual images for a given film thickness. Th
data are plotted on a log-log scale, as would be suggeste
the dynamic scaling model described below. The lines on
plots represent the best fit of the data to a power law,
though thex2 of these fits suggest they are not ideal f
describing our data. The most obvious deviation from th
trends occur for the 14.9-nm film. We expect this is the res
of probe-sample contact during initial tunneling on this film
which reduced the probe sharpness, resulting in lower im
resolution.

Ultimately, the topographs are still influenced by pro
size. Figure 6 shows the local surface gradient in a typ
image. Angles above 20° from the plane are not uncomm
and valleys with such high angles are very likely to result
a change of tunneling points along the probe. Having ch
acterized our probes, we can expect that for images wh
j;2 nm the measureds may be lower than the trues and
the measuredj may be larger than the truej due to the
probe’s final radius of curvature.
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V. DISCUSSION

A. Growth models

The a-Si:H surface topology provides an opportunity
test different growth issues than those that dominate epita
growth. The surface slopes are much larger in the pre
case, typically 20° compared to 1° for epitaxial surfaces,
thea-Si:H film precursors arrive in a cosine distribution. Th
surface roughness observed here greatly exceeds what w
be expected from statistical fluctuations in an incident p
cursor flux with unity film incorporation~random site
growth! so that roughening due to shadowing must be v
significant. Surface diffusion and enhanced incorporat
probability in valleys are essential to the absence of runa
shadowing and the attainment of a compact film. The
hanced valley incorporation probability is physically e
pected and is normally described with a chemical poten
proportional to¹2h. Due to the high surface angles, sha
owing effects can be approximated as a term proportiona
(¹h)2, whereas diffusion and enhanced valley incorporat
of a diffusing radical are proportional to¹(¹2h) and similar

FIG. 2. High-resolution image of a 4.2-nm-thicka-Si:H film.
The data points are collected on 0.1-nm intervals. The vertical s
is expanded three times.

FIG. 3. Measured behavior of the height difference correlat
function G(r,t). Two times the square of the rms roughness 2s2

and the lateral correlation lengthj are indicated for the 14.6-nm
thick film.
ial
nt
d

uld
-

y
n
y
-

l
-
to
n

le

n

FIG. 4. Nine different measurements of the height differen
correlation functionG(r ) for different regions of a 1.9-nm-thick
a-Si:H film and their average~solid line!.

FIG. 5. The rms roughness and the lateral correlation len
extracted from theG(r,t) curves of thea-Si:H films. The 14.9-nm-
thick film data deviate from the trends of the other films. We exp
this is the result of probe sample contact during initial tunneling
this film, which reduced the probe sharpness, resulting in lo
image resolution.
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56 4247SURFACE ROUGHENING DURING PLASMA-ENHANCED . . .
terms that are always linear inh. The existence of surfac
roughness larger than the random site growth model wo
generate requires that shadowing be significant since d
sion and the chemical potential smooth the surface relativ
the random site growth model. However, if shadowing is
significant term and quadratic inh, while the smoothing due
to diffusion and the chemical potential are linear inh, then
the shadowing will cause runaway roughness, which is
observed. The answer to this dilemma is contained in
existing chemical model for the growth of compacta-Si:H
films; it is a two-step process. First, a dangling bond mus
formed at the surface and then a SiH3 molecule incorporates
at the dangling bond. This provides for diffusion and
chemical potential that acts once on the dangling bonds
again on the SiH3 molecules. The result is a smoothing th
is quadratic inh. Although the importance of this two-ste
growth has been recognized qualitatively for some time,16,28

we are not aware of any quantitative modeling that incor
rates this phenomenon.

There have been a few Monte Carlo simulations of
growth of a-Si:H films.17–19 The model of McCaughey an
Kushner was tuned to produce as accurately as possible
to the behavior ofa-Si:H film growth under a wide variety o
conditions as this behavior was understood in the late 19
In comparing our data with the existing calculations, it
clear that we observe substantially lower values fors, de-
spite the model’s bias towards valley filling. There is
reported data for the behavior ofj in these models. A variety
of changes could be added to produce an updated mode

B. Dynamic scaling hypothesis

In an effort to understand the roughening of surfaces fr
a more general theoretical viewpoint, Family and Vics
have introduced the concept of dynamic scaling
surfaces.29 There have been a variety of experimental th
film growth systems for which this type of model appea
reasonable.30 The dynamic scaling model proposes thatG
can be written as @G(r,t)#1/2'ra f (t/ra/b), where
f (t/ra/b)'tb/ra when the argument off is much less than 1
and wheref 'const when the argument is much greater th
1. Figure 7 shows a plot of the behavior ofG as predicted by
this dynamic scaling theory. The qualitative behavior of F
7 bears a striking resemblance to our measuredG(r,t) in
Fig. 3. The critical exponents of the model,a andb, can be
extracted from the experimental results revealinga50.8 and
b50.1. This fit provides a reasonable description of our fi
surface topology. The oscillations in theG functions sug-

FIG. 6. Distribution of the angle of the local surface gradients
a film surface on a typical 4.2-nm-thicka-Si:H film.
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gests that the surfaces are not actually self-affine, simila
several recent papers on homoepitaxy.10–12

These particular values ofa andb do not appear as value
described by any of the classes of continuum grow
models.9,13,31,32The premise that a given class of process
will generate particular universal exponents in three dim
sions appears to contradict some Monte Carlo studies.33 The
value ofb (,0.5) agrees with the concept of mass transp
moving adsorbed species from the peaks towards the va
of the surface.

The measurement of the critical exponents does not te
us about the processes of thea-Si:H film nucleation and
growth. Many of the continuum models have attempted
describe physical phenomenon relevant to film growth. H
ring proposed that the chemical potential for an atom o
homogeneous surface is proportional to the curvature of
surface.6 In a-Si:H a dangling bond on a local peak is le
able to share a H atom with a nearest neighbor than a da
gling bond in a local minimum due to the larger separation
such neighbors. Mullins applied Herring’s chemical potent
to calculate a surface evolution having the form]h/]t
}¹4h(x,y).7 This is the dominant smoothing term intro
duced in continuum models in use today.13 Baleset al. have
attempted to formulate a description of nonlocal shadow
into these continuum models.8

C. Ellipsometry measurements ofa-Si:H

One of the most heavily utilized techniques for learni
about surface roughness ofa-Si:H films has been ellipsom
etry, which can be performedin situ during film growth.
Drévillon and co-workers34,35 and Collins and
co-workers5,34–38have examineda-Si:H grown on a variety
of substrates.5,36–40 We compare our results with those fo
the silicon substrates with the native oxide, which sho
most closely resemble our surface. To validate the comp
modeling of the spectroscopy data, Luet al. have performed

f

FIG. 7. Dynamic scaling model for the behavior ofG(r ,t). The
curves all collapse to the same envelope function (r 2a) for small r
and stabilize at a level determined by the film thicknesst for large
values ofr .
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ambient atomic force microscope~AFM! measurements on
samples ofa-Si:H films studied by ellipsometry.39,40 They
report a linear relationshipds51.4drms~AFM!10.4 nm be-
tween the two methods of measuring the roughness.

According to Drévillon and co-workers, the nucleatio
sites have a spacing of 6.0 nm. The first 3.5 nm of fi
growth are represented by island growth, after which coa
cence occurs. By this time a rms roughness of 1.0–1.5
has grown into the film topology, and this surface roughn
is essentially unchanged as the film continues to gr
thicker. Our data suggest a much smaller initial roughne
but the qualitative feature of a very slow increase in rou
ness with thickness is similar.

The work of Collins and co-workers suggests nucleat
sites represented by islands separated by 3.9 nm on n
oxide and the coalescence is seen to occur after the
1.5–2.0 nm of film growth.5,40 The growth of the surface an
bulk layers of the film was extracted from the ellipsome
measurements. The data show the surface roughnes
creases substantially during the first 2 nm of film growth a
then decays to a constant value as the bulk film grows
early underneath it. In comparison to our data, there i
small discrepancy during the very early stages of fi
growth, where we see negligible decay of the surface rou
ness following an island coalescence. The AFM measu
ments reported by Luet al. do not explore the initial coales
cence on the growth surface.40 The diffusion of the SiH3
precursor may be substantially inhibited on the native silic
oxide in contrast to thea-Si:H film. A difference in film
precursor mobility or initial nucleation may explain the di
crepancy in the early stages of the two experiments. As
the longer-term behavior of the surface, ellipsometry m
sures only a smoothing ofs to a steady-state value after th
initial nucleation, compared with our slight increase ins
with film thickness. The initial value ofj ~1.8 nm! in our
data is comparable with the initial nucleation radii inferr
by ellipsometry (;2 nm). Ellipsometry makes no evaluatio
of the development of the lateral correlation length w
thickness.

D. Other scanning probe measurements ofa-Si:H

There are few measurements of the as-growna-Si:H film
surface for thin films. Kazmerski reported STM measu
ments for as-grown surfaces of doped films between 0.2
1.0 mm thickness, noting that thinner and thicker layers h
‘‘unacceptably rough surfaces.’’41 Wiesendangeret al. ex-
amined 0.5-mm-thick films after ‘‘gentle Ar1-ion
bombardment.’’42 Jahanmiret al. and Hartmannet al. have
published reports of STM induced modifications toa-Si:H
films of 20- and 60-nm-thick films, respectively, in air an
high-vacuum systems.43,44

Boland and Parsons have used a STM to study effect
hydrogen plasma etching of weak bonds ina-Si:H films,
imaged in vacuum after dipping in dilute HF following ex
posure to the ambient atmosphere.45 A phosphorus-doped
70-nm-thick film grown with 5:1 H2 dilution on a metal sub-
strate had as50.51 nm. The homogeneous features are l
than 25 nm in lateral dimension, in agreement with the fil
grown in our experiment.

There are two reports of UHV STM studies of thina-Si:H
film surfaces that have not been deposited on crystal silic
s-
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but rather on a different atomically flat single-crystal su
strate. In a previous publication we noted exceptiona
smooth films (s,0.1 nm) grown on GaAs.23,46Matsuda and
co-workers published reports in which they studied the ini
growth and nucleation ofa-Si:H on highly oriented pyrolytic
graphite~HOPG! substrates.46,47 The island coalescence ap
pears to be much slower on HOPG than we observe onc-Si.
An interesting comparison can be made with a study of t
~less than 5 nm thick! a-C:H grown on both HOPG and
silicon substrates by Vandentopet al. where a similar differ-
ence in nucleation site density and film growth w
observed.48 Typically, the critical intrinsic layer ofa-Si:H
devices is grown directly on a doped layer ofa-Si:H film,
which in turn is grown on an oxide substrate, usually SiOx ,
ZnO2, or ITO.

A very different picture of the early stages ofa-Si:H film
growth has been proposed by Dekiet al., based on AFM
measurements in air.49 Substrates included H-terminate
c-Si~111!. A series of films grown between 1 and 5 nm thic
are all reported to have terraces similar to the substra49

From this a layer-by-layer growth mode was suggested.
striking difference between these AFM measurements
our data may be the result of H2 dilution substantially
smoothing the surface via etching of the weak Si bonds o
artifact of the larger AFM probe that is in contact with th
surface.

E. Diffusion length

One would like to have diffusion lengths and chemic
potentials for both the dangling bonds and the SiH3 mol-
ecules along the film surface. The importance of the s
strate temperature in growth of device qualitya-Si:H films
may be balancing the increasing diffusion of SiH3, which
improves film flatness, and the loss of hydrogen from
films, which introduces more dangling bonds, degrading fi
flatness.50 Collins and Yang have shown that smoothing
well-characterized polycrystalline substrate roughness
subsequenta-Si:H deposition determines a diffusion leng
between 6 and 10 nm.38 It is not clear if this value represent
mobility of the SiH3 precursor or the dangling bond.

Our STM data characterize the growth of the film surfa
including the evolution of the lateral correlation lengt
which cannot be seen from the ellipsometry data. An
proximation of the diffusion length could be the lateral co
relation length. This implies a film-thickness-dependent d
fusion length, which is not expected physically. In an AF
study of growth of CuCl on CaF2 surfaces, Tonget al. as-
sumed that for length scales shorter than the diffusion len
the diffusion term presented by Mullins completely ove
whelms all other effects.51 They report values for two film
thicknesses resulting in different values for the diffusi
length on the initial substrate and the growing film. If th
growth system resembles the general characteristics of
namic scaling, then an increasing diffusion length as a fu
tion of film thickness will result. The diffusion length shoul
be dependent upon the local potential energy of the subs
and the adsorbate, not overall film thickness. The lateral c
relation lengths are a function of diffusion length, but a mo
complete model that involves diffusing dangling bonds an
variety of film precursors is needed to establish the fu
tional relationship.
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56 4249SURFACE ROUGHENING DURING PLASMA-ENHANCED . . .
Doughtyet al.16 suggested that the surface reaction pro
ability of SiH3 on thea-Si:H surface is essentially indepen
dent of temperature between 20 °C and 250 °C and po
lated that the reaction probability is the product of tw
independent terms. The first term describes the initial pr
ability to adsorb at the point of contact and the second te
is the probability to react, at any point on the surface dur
diffusion, before desorbing from the surface. The first te
may be independent of temperature and dominated by s
factors, while the second term, normally expected to hav
temperature dependence related to the relative energie
diffusion and desorption barriers, may in fact be unity und
the conditions tested. In this case, SiH3 always diffuses a
sufficient distance to find a dangling bond or abstract a
atom from the surface before it has a chance to therm
desorb. Then any measured diffusion length is dominated
the average separation of the dangling bonds and not
SiH3 precursor.

VI. CONCLUSION

We have studied the development of the growth surfa
of device qualitya-Si:H films. Most of the surface area i
homogeneous hilly regions with distributions of hill heigh
and widths that grow with film thickness. This homogeneo
film growth has been characterized by the evolution of
rms roughness and the lateral correlation length as funct
of film thickness. Onc-Si substrates the initial roughnes
develops during the first few monolayers of film depositio
followed by a gradual increase with film thickness. The l
-

u-

-
m
g

ric
a
of
r

H
ly
y

he

e

s
e
ns

,
-

eral correlation lengths show a slightly faster growth w
increasing film thickness. There is no indication of an e
hanced roughness during the initial nucleation phase
H-terminatedc-Si substrates, as has been reported for b
STM measurements ofa-Si:H films nucleating on HOPG
and ellipsometry measurements ofa-Si:H films nucleating
on c-Si surfaces with native oxides. Otherwise, the mag
tude of the rms roughness is in reasonable agreement
the ellipsometry measurements.

A comparison of the surface rms roughness and lat
correlation length with the dynamic scaling hypothesis giv
reasonable agreement, although the surfaces are not
pletely self-affine. The calculated dynamic scaling expone
do not match any of the current continuum growth mode
but the dramatically sublinear growth of the roughness w
thickness is clearly indicative of a surface smoothing mec
nism, such as a chemical-potential-driven precursor diffus
to valleys, which is expected to play a key role in preventi
void formation and defects in the films. The valleys in t
homogeneous regions of thea-Si:H films appear smooth
with slopes typically less than 30° from the plane and th
are not likely to be incipient voids in the material. The a
tainment of a compact film despite the presence of signific
shadowing supports the existence of a two-step incorpora
model in the PECVD growth ofa-Si:H.
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