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Surface transport kinetics in low-temperature silicon deposition determined
from topography evolution
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In this article, surface transport kinetics during low-temperature silicon thin film deposition are characterized
using time dependent surface topography and dynamic scaling models. Analysis of surface morphology indi-
cates that diffusion of adsorbed species dominates surface transport, with a characteristic diffusion length that
increases with surface temperature. A diffusion activation barrier of;0.2 eV is obtained, consistent with
hydrogen-mediated adspecies diffusion on the growth silicon surface. Samples are compared over a range of
deposition temperatures~25 to 350 °C) and film thickness~20 to 5000 Å) deposited using silane with helium
or argon dilution, on glass and silicon substrates. Self-similar surface structure is found to depend on detailed
film growth conditions, but is independent of film thickness after nuclei coalescence. For films deposited using
helium dilution, static and dynamic scaling parameters are consistent with self-similar fractal geometry scaling,
and the lateral correlation length increases from 45 to 150 nm as temperature increases from 25 to 150 °C.
These results are discussed in relation to current silicon deposition models and with topography evolution
observed during low temperature growth of other amorphous material systems.

DOI: 10.1103/PhysRevB.65.035311 PACS number~s!: 68.43.Jk, 68.55.Jk, 81.15.Gh
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I. INTRODUCTION

A current challenge in low temperature thin film depo
tion is to understand kinetics of surface processes to con
surface reactions and improve material properties. Gro
models based on thermodynamic balances only strictly ap
in the equilibrium limit, where mass transport on the surfa
is fast relative to the arrival of depositing species. This lim
is impractical for current technologically relevant proces
where high deposition rates, smooth surfaces, limited dis
tion of substrate materials~i.e., dopant profiles, polyme
structure, bond structure, and composition, etc.!, and con-
trolled reactivity at the surface are critically important. T
technological need for lower deposition temperatures
quires that the deposition procedure be maintained far f
equilibrium, where kinetic rate processes dominate surf
mechanisms. Therefore, understanding thermally activa
elementary process steps is particularly important to desc
film growth, and kinetic processes have received signific
attention theoretically and experimentally over the past s
eral years.1–6

Hydrogenated amorphous silicon~a-Si:H! can be depos-
ited by a variety of low temperature techniques, includi
plasma enhanced chemical vapor deposition, reactive s
tering, and hot wire chemical vapor deposition. Mechanis
in a-Si:H deposition continue to receive attention because
the push to improve material defect density and stability
commercial applications, including solar cells and thin fi
transistor devices. Also, hydrogenated amorphous silicon
good model system to understand activated low tempera
deposition processes because the process proceeds fr
single precursor~silane! in commonly available direct rf
plasma deposition tools.

Plasma deposition of hydrogenated amorphous silicon
sults in very smooth, conformal surfaces and nontherm
activated growth rates over temperatures ranging from,25
0163-1829/2001/65~3!/035311~8!/$20.00 65 0353
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to 400 °C. Typical models fora-Si:H growth presume tha
radical precursors generated in the gas phase adsorb an
fuse on the surface with low thermal barriers, giving rise
the observed smooth conformal surface coverage.4–6 Surface
transport parameters are typically characterized by com
ing experimental macroscopic parameters~such as growth
rate or step coverage! with precursor dependent reactio
models,7,8 or are estimated through simulations.4,6,9–11 To
date, results directly identifying surface transport kinetic p
cesses in low temperature silicon growth are not availa
The technique for surface transport analysis presented
utilized here employs direct surface characterization, a
does not require identification or supposition of the particu
gas-phase precursor responsible for growth, or the adso
surface species responsible for diffusion.

Results presented below demonstrate that silicon sur
transport during low temperature plasma deposition is do
nated by thermally activated adspecies diffusion, with an
tivation barrier of 0.2 eV. The diffusion barrier is an impo
tant parameter for kinetic growth models for silicon, and th
work presents a unique direct experimental characteriza
of this parameter. The basic approach used here has
used previously to characterize surface diffusion dur
physical vapor deposition of glassy metals.12 This article ad-
dresses limitations and requirements for applying t
method to analysis of silicon deposition, and demonstra
differences between deposition of hydrogenated silicon
other materials.

II. DYNAMIC SCALING, AND DEFINITION OF SURFACE
SCALING PARAMETERS

A. Characterization of surface morphology

Surface morphology of deposited films, determined us
scanning electron microscopy, scanning probe microsco
or small angle x-ray scattering techniques, is typically a
lyzed using a height-height correlation function
©2001 The American Physical Society11-1
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C~R!5^z~r !z~r 1R!& r ,R ~1!

or a height-difference correlation function

G~R!5^@z~r !2z~r 1R!#2& r ,R , ~2!

wherez(r ) is the height at any point r on the surface a
^& r ,R refers to the average over all pairs of surface poi
separated by a distanceR. The data is then compressed a
displayed in terms of a power spectral density function

g~ uqu!5F@C~ ur u!#, ~3!

whereF is the two-dimensional Fourier transform operat
Early models used Gaussian or modified Gaussian funct
to describe and predict surface correlation functions,3 which
allowed the surface structure to be described by a mini
set of parameters including the standard deviation of the
face height, and the lateral correlation length. Later mod
utilized concepts of topographical scaling, where surfa
self-affinity or surface self-similarity is used to descri
growing surfaces.1 A surface that follows fractal growth is
self-affine, indicating a correlation between roughness am
tude and lateral scale. Self-similarity is a special case
self-affinity, where the roughness exhibits isotropic scalin2

with a constant ratio between the vertical and lateral com
nents, independent of lateral scale. The distinction betw
self-affinity and self-similarity is shown schematically
Fig. 1. The height-difference correlation function can also
written in terms of a scaling functionf (R/Lc):

G~R!52s2f ~R/Lc!, ~4!

where s is the root mean square~rms! roughness of the
surface andLc is the maximum lateral length scale ov
which surface roughness correlations persist.3 The scaling
function has an asymptotic formf (x)5(R/Lc)

2a for x,1,
and f (x)51 for x.1, wherea is the static scaling coeffi
cient ~or Hurst parameter!. Values for the static scaling coe
ficient range from 0–1, witha approaching 0 for jagged
surfaces and 1 for smooth surfaces.13 For the dynamic scal-
ing hypothesis proposed by Sinhaet al.,14 the height-height
correlation function is written as an exponential

C~R!5s2exp@2~R/Lc!
2a#. ~5!

FIG. 1. Artificial self-similar and self-affine profiles. Isotropi
magnification of ~a! self-similar and ~b! self-affine profiles are
shown in the circles.
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s

.
ns

al
r-
ls
e

li-
f

-
n

e

Dynamic scaling also predicts that for a self-affine surfa
the root-mean-square roughness of the surface scales a

s;Ra f ~ tb/Ra!, ~6!

wheret is the deposition time~proportional to film thickness!
andb is the dynamic or temporal scaling exponent.3,15When
the argument of functionf is much less than 1, thenf ap-
proachestb/Ra and when the argument is greater than 1,f is
constant. This indicates that the rms roughness will b
function of the length scale~R! used for the analysis until the
roughness value saturates at a constant value (ssat) for large
lengths. For a self-affine surface, a log-log plot ofs vs R
will yield a straight line with slope between 0 and 1 forR
,Lc . For the more restricted case of a self-similar surfa
the same functional form holds witha51.

The Fourier transform of the dynamic scaling autocor
lation function results in the spectral density functio
g(uqu)5@as2Lc

2/p# for uqu,1/Lc , and g(uqu)
5@as2/Lc

2ap#q22(a11) for uqu.1/Lc . The quantity i
52(a11) is the Fourier index, and will have a value b
tween 0 and 4 for a self-affine surface, and will be;4 when
the surface is self-similar. For growth on a two-dimension
surface, the static scaling exponent and the Fourier index
related through the fractal dimension,3,16 D f5(82 i )/2,
which is also related toa by D f5(32a).

Surface kinetic models describe the balance between
dom arrival of species from the gas phase and a variety
thermally activated processes that operate on the surface
growth of thin films from the vapor phase, if the speci
responsible for film deposition are randomly incorporat
into the surface without appreciable surface transport, t
stochastic, or random, surface growth will result in a rou
surface. In the early 1950’s, Herring described four disti
surface transport mechanisms that reduce surface rough
~i! viscous flow,~ii ! evaporation-condensation,~iii ! bulk dif-
fusion, and~iv! surface diffusion.17 The relationship between
the surface topography and the surface transport mecha
comes from an analysis of the time and amount of mate
needed to produce a geometrically similar change in t
different sized clusters using each mechanism. These me
nisms leave distinct imprints on the topography that are r
ognizable through fractal analyses. In 1986, Kardar, Pa
and Zhang described the development of surface rough
based on symmetry arguments.18 Later models related the
symmetry models to transport processes using equation
motion with terms corresponding to specific surface smoo
ening or roughening mechanisms.3 Continuum models in-
cluding linear and nonlinear terms in the equations of mot
are used to analyze surface roughness data to determine
ing coefficients under different conditions. Matching the e
perimentally determined scaling exponents with continu
growth models then identifies the primary transport mec
nisms.

B. Determination of scaling parameters

Both the static scaling coefficienta and the dynamic scal
ing coefficientb are needed to distinguish surface transp
1-2
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SURFACE TRANSPORT KINETICS IN LOW- . . . PHYSICAL REVIEW B 65 035311
mechanisms uniquely. Two methods, dimensional and
quency analysis are used to analyze topography data. Dim
sional analysis involves determining rms surface roughn
at various length scales~L! and deposition times (t), then
obtaining scaling coefficients3,19 using s;La and ssat;tb.
Frequency analysis utilizes the Fourier transform of the s
face topography16,20 to obtain the power spectral densi
~PSD!. The one-dimensional PSD is obtained by using
radius in reciprocal space as the spatial frequency and r
ally averaging the two-dimensional spectrum.21 The Fourier
index is determined from the PSD using the power law re
tionship PSD;q2 i for wave numbersq greater than a criti-
cal frequencyqc ~inverse of the critical lengthqc51/Lc),
anda is determined directly fromi. Radial averaging gener
ally gives a better correlation with fractal dimension th
linear averaging.

For the linear continuum model with surface transp
dominated by surface diffusion, the scaling coefficients
expected to attain values ofa51 andb50.25.2,3,22 When
nonlinear terms are included, scaling coefficients ofa
50.67 andb50.2 are expected for diffusion.2 For transport
by evaporation and condensation,3 expected values area
50 and b50. There are several reports analyzing kine
smoothening mechanisms of hydrogenated amorphous
con deposited using plasma deposition23,24 and thermal
evaporation.25 Typically, a is measured between 0.8–1 an
b between 0.2–0.33, consistent with self-similar geome
and transport by surface diffusion. As expected, these va
are distinctly different from parameters typically reported
evaporated metal surfaces. Static scaling coefficients
typically ;0.7–0.8 witha50.82 for Ag anda50.68 for
Pt,22 which are consistent with values reported for surfa
diffusion and step growth,3,22 i.e., a50.67 andb50.2.

III. EXPERIMENTAL METHOD

A. Hydrogenated amorphous silicon deposition

To analyze silicon deposition processes, films were dep
ited using an rf~13.56 MHz! parallel plate plasma depositio
system with circular geometry~diameter528 cm! and radial
gas flow. Deposition temperature ranged from 25 to 150
and film thickness was varied from 20 to 5000 Å. Fil
thickness was determined by step-height profilometry
films .100 Å, and from the extrapolated growth rate f
thinner films. Growth rate was linear for all conditions. S
lane gas, diluted to 2% with He and/or Ar, was used for
depositions, and the total gas flow rate was fixed at 1
standard cubic centimeters per minute~sccm!. The process
pressure was fixed at 0.6 Torr, and the rf power w
8 mW/cm2. Using SiH4 /He gas mixtures, the depositio
rate was;50 Å/min, and slower rates (;22 Å/min) were
observed using SiH4 /Ar mixtures. Substrates included clea
Si~100! and 7059 glass.

B. Topography analysis

Atomic force microscopy~AFM! for surface topography
analysis was conducted using a Digital Instruments Dim
sion 3000, with a Nanoscope IIIa controller and vibratio
03531
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shielded hood. Imaging was performed in intermittent co
tact mode, usingc-Si cantilever probes with a nominal ti
radius of 5210 nm. Image analysis was performed usi
built-in software functions to calculate the root-mean-squ
roughnesss and the power spectral density~PSD! spectrum.
The rms roughness is computed using the function

s5@S~Zi2Zave!
2/N#1/2, ~7!

whereZave is the average height in a given area,Zi is the
height of a given point, andN is the number of points in the
area. The PSD is calculated from an algorithm that is ba
on radially averaging the two-dimensional fast Fourier tra
form of the image. Scan sizes of 2003200 nm2, 500
3500 nm2, and 131 mm2 were measured to insure the
were no artificial effects introduced into the analysis fro
the scan size. The probe tip was changed as needed to m
tain good images.

All AFM measurements were performed under ambie
conditions. An important consideration is the effect of pro
tip size and geometry, and surface ambient exposure, on
face topography results. To address this question, a 480
thick a-Si film deposited at 350 °C and previously charact
ized using STM directly connected to a plasma deposit
reactor26 was analyzed in ambient in our lab using AFM
Using the same range of scan sizes~50 to 250 nm!, the
radially averaged Fourier transform of the on-line STM me
surement showed a slope of;1.2, and the AFM measure
ment produced a slope of 1.2–1.3, indicating that ambi
exposure does not significantly affect surface topogra
over the height and length scales analyzed. The AFM an
sis was able to extend to scan sizes greater than 1mm which
enabled a greater range of frequencies for analyzing
power spectrum. The AFM will generally have a larger t
radius than the STM, which will allow the STM to bette
access topography data over short (,10 nm) length scales
However, for the dimensional analysis, the smallest rou
ness calculations performed used length scales exceedin
nm, which is larger than twice the nominal AFM tip radiu
Therefore, for the length scales of interest, ambient AFM a
on-line STM techniques give reasonably similar results, a
the AFM images are sufficient to extract useful topograp
data and surface scaling parameters.

IV. RESULTS AND DISCUSSION

A. Frequency and dimensional analysis
to characterize fractal scaling

Extraction of surface scaling parameters from the frac
dimension requires that the surface structure follow frac
geometry scaling. Therefore, we first demonstrate that s
similar surface scaling can be achieved over a wide rang
process conditions~but not all conditions! for a-Si:H depo-
sition. Also, for demonstration and experiment control, t
amorphous silicon surface is compared to an evaporated
minum surface, which is expected to exhibit substantia
different surface topography and scaling. Topography is a
lyzed using both frequency and dimensional analysis.
1-3
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K. R. BRAY AND G. N. PARSONS PHYSICAL REVIEW B65 035311
Figure 2 shows the power spectral density used for
quency analysis for two samples: sample~a! is a 1000 Å
a-Si:H deposited using a silane plasma diluted with heli
and sample~b! is a 1.5mm thick evaporated aluminum film
For both surfaces, the PSD has an almost constant valu
the low frequency range. This relates to large real space
tures and a substantial change in roughness is not expe
on that scale. Above the critical frequency (qc
50.01 nm21 for Si and 0.003 nm21 for Al in the spectra
shown!, the PSD decreases exponentially on the log-log p
with a 1/qi dependence withi 54.1 for a-Si and i 53.5 for
the Al surface.

For dimensional analysis, the static scaling exponen
determined for the same Si and Al surfaces from the p
shown in Fig. 3~a!. The plot of rms surface roughness
measurement length gives a linear slope ofa up to the criti-
cal length,3,22 Lc and the roughness saturates atssat for large
lengths. Thea-Si film shows a value ofa51.03, consistent
with self-similar scaling, and the Al film has a value ofa
50.77, which is in the expected range for evapora
metals.22 The data in Fig. 3~a! indicate critical lengths for
thesea-Si and Al samples areLc575 and 330 nm, respec
tively.

Generally for silicon films deposited using SiH4 /He mix-
tures, including the films shown in Figs. 2 and 3, dime
sional analyses result in values that saturate ata'1, and
frequency analyses result in Fourier indexi'4. These values
are both consistent with self-similar scaling geometry in
surface morphology of deposited silicon films. As will b
shown below, deposition using argon dilution disrupts
self-similar scaling geometry.

B. Effect of thickness and gas composition
on scaling coefficients

The surface topography was examined for silicon plas
deposition as a function of temperature, film thickness,
diluent gas species. Specifically, static scaling coeffici

FIG. 2. Power spectral density plots for~a! 1000 Å a-Si:H film
deposited by plasma CVD from SiH4 /He and~b! 1.5mm Al depos-
ited by evaporation. The spectrum is observed to decrease w
slope of i, the Fourier index, above the critical frequencyqc . The
a-Si has a larger value fori, indicating surface diffusion is more
prominent than in the evaporation process.
03531
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values were extracted using dimensional analysis for sili
deposited from SiH4 /He and SiH4 /Ar mixtures on crystal-
line silicon substrates for various deposition times. The st
scaling coefficient was observed to increase during the in
growth~corresponding to film nucleation and coalescence
shown below!, then saturate ata51.0960.05 for He dilu-
tion anda50.6360.01 for Ar dilution. The smaller satura
tion value for Ar diluted silane indicates a distinctly differe
~non-self-similar! surface topography for the Ar diluted pro
cess. This difference in surface topography between Ar
He dilution is presumably due to the larger energy trans
during Ar ion bombardment. For comparison, Fourier ind
values are determined from frequency analysis fora-Si:H
films deposited from SiH4 /He. The values fori are constant
with i 54.160.3 for deposition times from 1 to over 30 min
corresponding to thicknesses greater than 1500 Å. Using
relationship betweena and i, the Fourier index obtained
from frequency analysis corresponds toa51.05, which is
consistent witha obtained using dimensional analysis on t
same set of films. This result further supports the self-sim
structure of the growinga-Si:H surface. Thicker films have
also been measured and indicate that self-similar beha
extends to film thickness at least as large as 5000 Å.

For films grown with helium dilution at 25 and 100 °C
the dynamic scaling exponent,b, is determined from the
slope ofssat plotted vs deposition time shown in Fig. 4. Fo
short deposition times, the surface roughness values are
expected to follow the scaling trend because the silicon
clei have not completely coalesced. A least squares fit to
points for deposition>1 min results inb50.2660.13. For
this self-affine surface, the coefficients ofi'4, a'1, and
b'0.25 are consistent with surface transport dominated
adatom diffusion.2,3,22Further support for surface diffusion i
obtained from analysis of nuclei coalescence in the ini
stages of film growth.

C. Silicon nucleation and film coalescence

Film coalescence can be directly observed using AF
analysis and related to observed trends in the static sca
coefficient. Figure 5 shows AFM images for films deposit
for 30 sec at~a! 25 and~b! 100 °C. The nuclei in the 25 °C
film are small~17 nm! and jagged, whereas the 100 °C fil
exhibits larger~45 nm!, rounder nuclei. Note that the vertica
scale for sample~b! is 103 larger than sample~a!. The static
scaling coefficient for the image in Fig. 5~a! is ;0.25, simi-
lar to that measured for the clean substrate. The film dep
ited at 100 °C in Fig. 5~b! has a50.8, close toa'1 ob-
served for thicker films. The AFM images and roughne
analysis indicate the nuclei are not yet coalesced at low t
perature, but they have begun to coalesce at higher temp
ture. At longer deposition times, AFM images in Fig. 6 ind
cate complete coalescence, and films show surf
morphology independent of substrate temperature, consis
with the constant scaling coefficient observed.

Figure 3~b! shows the rms roughness vs length scale
a-Si films deposited from SiH4 /He mixtures on silicon sub-
strates, for deposition times ranging from 10 to;1200 s.
The slope of the curvesa are small for short deposition tim

a

1-4
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SURFACE TRANSPORT KINETICS IN LOW- . . . PHYSICAL REVIEW B 65 035311
~similar to values measured for the clean silicon substr!
and increase and saturate for longer times. Values fora de-
termined from data in Fig. 3~b! and from other films depos
ited at various temperatures on silicon and glass substr
are plotted versus deposition time in Fig. 7. The value foa
increases with deposition time then saturates neara51. The

FIG. 3. rms roughness vs length scale.~a! Comparison between
PECVD a-Si:H and evaporated Al. Evaporated Al has a smallera,
indicating it has a rougher surface than the plasma depositeda-Si.
The roughness of thea-Si film saturates at a critical lengthLc of 75
nm. ~b! Comparison of deposition time for films deposited at 25 °
The static scaling coefficienta, remains small for thin~noncoa-
lesced! films, and then reaches a constant value for thick films.~c!
Comparison of substrate temperature for films deposited from
SiH4 /He mixture for 20 min.
03531
e
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transition from the initiala value to the saturated value co
responds to nuclei coalescence observed in the AFM ima
and the horizontal arrows in Fig. 7~a! indicate the range of
coalescence times determined from AFM. The time requi
to reach saturation decreases with increasing tempera
indicating that films coalesce more rapidly at higher te
perature, consistent with thermally activated surface dif
sion. A plot of the inverse inflection time vs 1/T gives an
activation energy of;0.07 eV for films deposited on sili-
con. The data in Fig. 7~b! shows that nucleation and coale
cence occurs at a slower rate on glass than on clean sil
substrates. A summary of scaling parameters~from dimen-
sional and frequency analysis!, coalescence times, and corr
lation lengths, obtained from silicon films deposited usi
various source gases, substrates, and substrate temper
is given in Table I.

D. Effect of temperature on surface transport
during silicon deposition

Figure 3~c! shows the rms roughness vs length scale
1000 Å thick a-Si:H films deposited from silane/helium
mixtures at various temperatures. Over the range studied
slope a51.0960.05 and is independent of temperatu
However, as temperature increases, the saturation rough
decreases, and the correlation lengthLc is observed to in-
crease. The correlation length is a good estimate of the
face diffusion length4,23 and has been used to evaluate ac
vation barriers for surface diffusion for glassy metals form
by physical vapor deposition.12 The surface diffusion coeffi-
cient is proportional to the square of the diffusion leng
Figure 8 shows an Arrhenius plot of ln(Lc

2), determined from
the data in Fig. 3~c!. The data shows a good fit to a straig
line and the slope indicates an activation energy ofEa

.

a

FIG. 4. Saturated rms roughness~determined by dimensiona
analysis! vs deposition time for silicon deposited from SiH4 /He
mixtures on Si. The surface diffusion model indicates thats should
increase with time with a slope ofb50.25. At times greater than
one minute, a best fit of the roughness data yieldsb50.26613. The
error was determined from the quality of the least squares fit.
dashed line is an extension of the fit and does not represent a
the data in that region of the graph. The error bars are 3s values
determined from.5 measurements of multiple films deposite
with the same conditions.
1-5
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K. R. BRAY AND G. N. PARSONS PHYSICAL REVIEW B65 035311
50.2060.02 eV. Therefore, the data in Figs. 3, 4, 7, and
are consistent with surface transport ina-Si:H deposition
being dominated by adspecies diffusion with an activat
barrier of 0.2 eV. Other indirect estimates of surface dif
sion activation barriers duringa-Si:H growth4,6,7,9–11 are
typically in the range of 0.16 to 0.3 eV. The value we obta
is within this range, but it is important to note that the a
proach used here involves direct evaluation of deposited
faces using a model of surface topography evolution not p
viously used to characterize surface transport kinetics
silicon growth.

Surface diffusion barriers determined from analysis
glassy metal surfaces formed by physical vapor deposi
are significantly larger than that found here for silicon dep
sition. The smaller barrier in our analysis is consistent wit
hydrogen-mediated precursor diffusion process. Diffusion
a clean glassy metal surface requires direct metallic b
breaking and reforming, so a barrier close to the bond
thalpy is expected. For hydrogenated silicon growth, barr

FIG. 5. Initial nucleation ofa-Si films grown for 30 s at
~a! 25 °C and~b! 100 °C. The films have coalesced. The 25 °
film has small, jagged nuclei, while the 100 °C film has larg
rounder nuclei.
03531
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less than the bond enthalpy are expected due to the redu
of surface energy by bonded surface hydrogen. Silyl prec
sor adsorption on hydrogenated silicon surfaces is typic
believed4–6 to involve formation of a surface three-cent
bond (Si-H-SiH3), where diffusion proceeds through motio
of the physisorbed SiH3 between Si-H sites. A relatively
weak three-center bond structure is presumed, consis
with a small diffusion activation barrier. However, recent c
culations of SiH3 /Si-H surface interactions27 indicate that
the three-center bond does not have a state sufficiently st
to account for observed diffusion processes. Another poss
picture, also consistent with a relatively small diffusion ac
vation energy, is that silyl radicals adsorb onto silicon si
and diffuse through Si-Si bond breaking and reformin
where bond breaking is facilitated by H insertion into t
~weaker! stretched Si-Si bond, and Si-Si bond formation
accompanied by molecular hydrogen formation and relea
Other elemental adsorption and diffusion steps could also
considered that are also consistent with the observed res

,

FIG. 6. Fully developed nucleation of films grown for 3 min
~a! 25 °C and~b! 100 °C. There are no distinguishable differenc
between the topographies of the surfaces.
1-6
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SURFACE TRANSPORT KINETICS IN LOW- . . . PHYSICAL REVIEW B 65 035311
FIG. 7. Dependence of static scaling coefficient on deposi
time and temperature fora-Si films deposited on~a! c-Si and ~b!
glass substrates.a increases with deposition time until it saturat
at a51. The increase occurs more rapidly as temperature increa
Coalescence was determined by direct qualitative analysis of A
images. A similar trend occurs for films grown on bothc-Si and
glass. The curves are guides for the eye.
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V. SUMMARY AND CONCLUSION

Fractal analyses, including dimensional and frequen
methods, have been used to evaluate surface morpholog
plasma deposited hydrogenated amorphous silicon surf
formed under various deposition conditions. Using SiH4 /He
mixtures, surface transport is dominated by surface diffus
with a characteristic diffusion length that increases with s
face temperature. Diffusion kinetics are consistent with a d
fusion activation barrier of;0.2 eV and with values esti
mated previously by other approaches. The coalescenc
deposited film nuclei on the substrate surface is identifi
from the evolution of the static scaling coefficient. After in
tial nuclei coalescence, the surface topography of fil
formed from SiH4 /He mixtures is consistent with a sel
similar geometry, independent of film thickness. Results
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es.
M

FIG. 8. Arrhenius plot ofLc
2 for samples deposited for 20 min

The linear slope indicates a thermally activated diffusion proc
with an activation energy ofEa50.2 eV.
ource
l

f-
TABLE I. Summary of scaling coefficients, coalescence time and correlation length for various s
gas, substrates, and substrate temperatures. The static scaling coefficienta is determined from dimensiona
analysis, and Fourier index is obtained from frequency analysis. N/A: Not Applicable.

Film Substrate Fourier Coalescence Correlation Sel
~source gas! Substrate temp. a index time~s! length ~nm! similar?

None c-Si 0.25 N/A N/A N

None Corning 7059 glass 0.30 N/A N/A N

25 °C 1.07 4.1 52 45 Y
75 °C 1.04 4.7 65 Y

a-Si:H (SiH4/He) c-Si 100 °C 1.10 4.2 31 70 Y
125 °C 1.00 4.3 110 Y
150 °C 1.09 4.0 24 150 Y

a-Si:H (SiH4/He) Corning 7059 glass 25 °C 0.96 4.2 68 44 Y
100 °C 1.00 4.5 36 62 Y

a-Si:H (SiH4 /Ar) c-Si 25 °C 0.63 5.1 80 N

Evaporated Al Quartz 25 °C 0.77 3.5 300 N
1-7
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dicate that surface transport occurs by diffusion of adsor
surface species, and the lateral correlation length incre
from 45 to 150 nm as temperature increases from 25
150 °C. Argon dilution resulted in a more stochastic, rou
surface, consistent with effects due to larger mass ion b
bardment during deposition. The activation barrier of 0.2
obtained for silicon surfaces is smaller than 0.5 eV obser
for diffusion on glassy metal surfaces, and is ascribed
effects of surface hydrogen in promoting diffusion of silico
adspecies. These results show that analysis of surface to
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raphy evolution can be used to obtain important surface
netic parameters in the growth of silicon-based materials
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