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Using real-time spectroscopic ellipsometry (RTSE) the evo lution of the surface roughness in a-
Si:H thin- Ims grown by low-temperature plasma-enhanced ¢ hemical vapor deposition (PECVD) has
been studied as a function of the hydrogen dilution ratio Rgq =[H 2])/[SiH 4] with 15 R4 60. To
describe the roughness evolution, we have used aB linearized continuum equation which includes a
negative surface tension term to take into account the destabilizing e ects of short-range attraction
and/or shadowing, as well as a smoothing term corresponding to surface di usion. Using this model
we have obtained very good agreement with experimental resuts for the evolution of the surface
roughness in the case of large dilution ratio. However, our results indicate that for small dilution
ratio the surface slopes are signi cantly larger, and as a result additional nonlinear terms need to be
included at large thicknesses. Our results also indicate that surface di usion plays an important role
during PECVD Im growth while the di usion rate increases wi  th increasing hydrogen dilution ratio.
We also nd that the early stages of island nucleation play an important role in determining the
subsequent roughness evolution. In particular, the assumption of large wetting angles ( w ' 90°) for
the 3D islands formed in the initial stages leads to signi ca ntly better agreement with experiments
than a smaller wetting angle ( w ' 45°). This is consistent with recent experiments on liquid Si
droplets on SiO; [H. Kanai et al., J. Mater Sci. 42, 9529 (2007)] substrates in which a wetting angle

ughness evolution grown

of 90° was observed.

PACS numbers: 81.15.Aa, 68.55.ag, 68.55.-a, 81.15.Gh

. INTRODUCTION

Amorphous silicon (a-Si:H) thin- Ims grown via chem-
ical vapor deposition (CVD) are used in a variety of
technologically important areas ranging from large-area
microelectronic devices to solar cells. Since the device
properties depend on thin- Im quality, ! there has been
signi cant interest in developing a greater understanding
of the growth process, as well as of the dependence of the
properties on growth parameters.

Features in the evolution of the surface roughness of
a-Si:H Ims have been correlated with material proper-
ties. In particular, it has been found that in a-Si:H based
thin Im solar cells, the optimum device performances
are achieved by incorporating intrinsic a-Si:H layers fab-
ricated under conditions that produce enhanced surface
smoothing. Therefore, in addition to modeling the thin-
Im microstructure and its dependence on hydrogen di-
lution ratio, 22 there is also interest in understanding the
dependence of the surface roughness on deposition con-
ditions.

Recently, simpli ed kinetic Monte Carlo simulations 23
of atomistic models of a-Si grown by plasma-enhanced
CVD (PECVD), based on ab initio calculations for the
relevant activation barriers, have been used to model the
dependence of the degree of crystallinity on the hydro-
gen dilution ratio Rq =[H 2J/[SiH 4]. However, due to the
complexity of the PECVD deposition process®® these
simulations were not able to simulate the evolution of
the surface morphology’ Therefore, it is of interest to
consider somewhat simpli ed models in order to try to
understand the roughness evolution over larger length

scales.

Here we present the results of simulations of a sim-
plied coarse-grained continuum model of a-Si growth
carried out in order to understand the evolution of the
surface roughness and its dependence on the hydrogen
dilution ratio. Our model takes into account two com-
peting e ects - the e ect of roughening due to shadow-
ing and/or attraction of depositing species to the Im,
and a smoothing e ect due to surface diusion. In or-
der to model the initial con guration, we have also used
a simpli ed model of nucleation. For correlation with
experiments, we have compared our results with real-
time spectroscopic ellipsometry (RTSE) results for low-
temperature (20(° C) PECVD. By varying the parame-
ters in our model, we nd good agreement between our
simulations and experiments for the case of high dilu-
tion ratio. However, our results also indicate that for
the case of low dilution ratio, for which the surface is
signi cantly rougher, additional e ects (such as nonlin-
earities) may be important. A comparison of our results
for di erent dilution ratios also indicates that the e ects
of di usion increase rapidly with increasing Ry. Our re-
sults also indicate that the early stage of nucleation of
3D islands plays a very important role in determining
the subsequent roughness evolution.

This paper is organized as follows. In Sec. Il we rst
describe the experimental setup and data taken in our
RTSE measurement of the surface roughness while in Sec.
[11 we discuss in detail the model used in our simulations.
Comparisons between our simulation results and exper-
iments are presented in Sec. IV. Finally, in Sec. V we
discuss our results as well as possible future work.



Il.  EXPERIMENT

The experimental results presented here have been
previously discussed in Ref. 8. However, for complete-
ness here we brie y summarize some of the experimen-
tal details. Real-time spectroscopic ellipsometry has
been performed in order to study the evolution of the
surface roughness thickness for Si:H Ims fabricated by
PECVD on native oxide (SiO;) covered crystalline silicon
(c-Si) wafer substrates. In our experiments, a rotating-
compensator multichannel ellipsomete? was a xed to a
PECVD chamber at an angle of incidence of 70 from
the normal of the substrate, with a spectral range from
1.5 to 5.0 eV and a minimum spectral acquisition time
of 80 m$ The substrate temperature T, plasma power
P, and total pressure p were xed at the following val-
ues: T =200° C, P = 0:72 W/cm?, and p = 3 Torr.
The H, dilution ratio Ry =[H >]/[SiH 4], was set at four
di erent values ranging from 15 to 60, leading to depo-
sition rates ranging from 18 A/s (Rq = 15) to 6.6 Als
(Rg = 60). As shown in Fig. 1, the surface roughness
evolution depends strongly onRy and exhibits three dis-
tinct regimes:! (i) smoothing (or coalescence) of initial
nucleation-generated clusters (ii) stable surface until a
critical thickness and (iii) roughening of the Im beyond
the critical thickness. The RTSE spectra collected dur-
ing PECVD deposition of these Ims were analyzed us-
ing a two-layer -minimization procedure.l® In this
approach, an unweighted error function minimization
method combining numerical inversion and least squares
regression analysis is used to simultaneously obtain the
Im-speci ¢ complex dielectric function spectra and the
time evolution of the surface roughness and bulk Im
thickness!! Accurate characterization of the microstruc-
tural and optical properties of the substrate is obtained
from spectra collected prior to a-Si:H deposition, so that
the two layers used in the -minimization proce-
dure consist of only the bulk Im of the material and
a surface roughness layer represented by a Bruggeman
e ective medium approximation of 0:5% bulk material
and 0:5% void.*? In previous work, the surface rough-
ness Wrtse oObtained from RTSE measurements has
been compared to the surface roughned&/ary obtained
from AFM measurements!?'® A linear relationship of
the form Wagm = 0:667 WgrTse 2A was observed
for Wgrrse values up to 100A. Therefore, we have used
this expression to convert the surface roughness obtained
from RTSE to the results presented here.

1. MODEL

In order to model the roughness evolution in low-
temperature PECVD, we have assumed that the growth
takes place in two stages. In particular, we assume thatin
the rst stage 3D islands of a-Si nucleate on the native-
oxide-covered c-Si substrate and then coalesce to form
a bulk layer, while in the second stage the Im contin-

ues to grow but no new islands are nucleated. While it
may eventually be possible to use atomistic models to
simulate the nucleation and growth of 3D islands, for
simplicity here we have assumed that at the end of the
nucleation stage, the Im consists of a random distribu-
tion of spherical islands or \caps" with wetting angle
which have a Gaussian distribution of radii. In equilib-
rium, one expects that the wetting angle of a \droplet"
satis es Young's equation, e.g.coy ) =( 12 13)= 23
where 12, 13, and 23 correspond to the surface free
energies of the substrate/a-Si interface, a-Si, and sub-
strate respectively. However, since these free energies
are not known, and may also depend on the dilution ra-
tio Rq =[H 2J/[SiH 4], for simplicity we have carried out
simulations for two di erent values, e.g w = 45° and
w = 90°.

To describe the subsequent thin- Im evolution, we con-
sider the simplest possible continuum equation which
takes into account the e ects of roughening due to shad-
owing and/or or the attraction of depositing species to
the Im, and smoothing due to surface di usion and/or
evaporation. In particular, we consider the following non-
linear equation for the surface heighth(+;t) at position
+ and time t,
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whereg=1+jr hj>, M =g 32 . _ . (g hihj)h;
is the mean curvature (where hy = @h=@xh,y =

@h=@x@stc.), 4 s is the surface Laplacian,F is the de-
position ux, and (¥;t) is a noise term which takes into
account the e ects of both deposition and di usion noise.
Assuming that A; = F , where is the radius of the de-
positing species, the rst term corresponds to \atomic
shadowing" as rst proposed by Mazor et al'* in the
context of columnar growth. However, a similar term has
also been derived by Raible et at>!® due to attractive
forces between the surface atoms and the incident parti-
cles. Similarly, the second term¥’ corresponds to a (pos-
itive) \surface tension" due to evaporation/condensation
or re-emission (\anti-shadowing") while the term with Aj
corresponds to surface diusion® We note that in the
context of a single-species growth model one may write
Az = Dg s 2=kT whereDs;, and are the di usion
constant, atomic volume, and surface density of the dif-
fusing species respectively, s is the surface tensionk is
Boltzmann constant and T is the Im temperature. For
amorphous growth we expect that the di usion constant
Ds is independent of the local slope, and thus it is rea-
sonable to assume thatA3 is a constant.

Linearizing this equation and dividing by the ux F -
and also ignoring the noise term since it is expected to
be small beyond the nucleation regime - we obtain,
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where h(+; h) is a function of the transverse coordinate
+ and average heighth = Ft. Here , = (A1 Ay)=F

or 2h(h)  ar *h(s h);



and 4 = A3=F. As can be seen, this equation contains
two competing terms - a 2nd order instability term due
to shadowing and/or attraction modi ed by the e ects

of evaporation/condensation, and a 4th order smooth-
ing term due to surface diusion. As long as the local
slope is less than 1, the solution of the linearized equa-
tion should give a reasonable approximation to the full
nonlinear equation in the absence of deposition noise. In
addition, it has the advantage that it can be e ciently
integrated using a fast Fourier transform starting from
the initial surface pro le hg(¥; h). In particular, changing

from ¥ to R spaceh(x; h) ! h(K; h) leads to the solution:

A(R;h) = A(R;ho)exp (2 ak?)k*h ; @)

As can be seen from Eq. 3 there is a critical wavevector
ke = 2= 4 such that short wavelength surface modula-
tions with k > k ; disappear exponentially due to surface
di usion, while those with k <k (i.e. long wavelengths)
grow exponentially with Im thickness, The most un-
stable mode corresponds tdk, = k.= 2. The surface
pro le h(¥ h) is then obtained from R(K; h) by carrying
out an inverse Fourier transform.

As already noted, in order to model the roughness
evolution in low-temperature PECVD, we have assumed
that the growth takes place in two stages. In particular,
we have assumed that at the end of the initial nucleation
stage, the Im consists of a random distribution of semi-
spherical islands or \caps" with wetting angle  which
have a Gaussian distribution of radii. Since the initial 3D
island size and density are unknown, we have proceeded
as follows. For a given choice of experimental dilution ra-
tio and assumed wetting angle  , values of the average
island radius R and standard deviation were varied in
order to obtain an initial con guration for which there is
good agreement with the experimental roughness at an
average Im thickness in the rangeh' 5 10A. In addi-
tion, since the initial island distribution was random, thi s
resulted in a signi cant overlap between di erent islands
- the resulting initial pro le was then determined by the
maximum height at each point. The resulting initial sur-
face con guration was then numerically integrated using
Eq. 3 for di erent values of the parameters , and 4
to nd the best t. It is worth mentioning that for a
given dilution ratio R4, good ts were only possible for
speci ¢ values of R and For determination of these
values an iterative process was used, e.g. values Rfand

matching the initial experimental roughness were rst
determined, and then , and 4 were varied to obtain
the best match with experiment. If the resulting best t
was not good, then new values oR and were selected.
This process was continued until reasonable results were
obtained up to a Im thickness of 500 2000A depend-
ing on the value of Ry. Thus, the resulting process puts
signi cant constraints not only on the parameters , and

4 but also on the parametersR and describing the
initial conditions.

IV. RESULTS

We rst consider our simulation results for the case of a
large assumed wetting angle w = 90°. Fig. 1 shows the
corresponding best- t simulation results for the surface
roughness along with the corresponding experimental re-
sults. As can be seen there is very good agreement with
experiment for the two largest dilution ratios Ry = 40
and Rq = 60. However, for the two smaller values ofRqg
(Rq = 15 and 20) the simulated roughness is signi cantly
higher than the experimentally obtained roughness for
thicknesses larger thanh ' 500 1000A. We note that
in this case the experimental roughness curve obtained
via RTSE also exhibits a bend or in ection point. One
possible explanation for this behavior is that a new phys-
ical mechanism comes into play for small dilution ratio
which suppresses the continued rapid increase in the sur-
face roughness at large thicknesses. Another possibility
is that, as pointed out in Ref. 19, for large thicknesses
the RTSE measurement tends to underestimate the sur-
face roughness since it does not include the long wave-
length contribution. However, one would expect such
an e ect to occur only for thicknesses signi cantly larger
than 1000 A. In addition, it is not clear why such an
e ect should occur for small dilution ratios but not for
larger dilution ratios.
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FIG. 1. Experimental roughness (solid lines) and theoretic al
ts (dashed lines) using Eq. 2 as function of average Im thic k-
ness for H, dilution ratios Rq = 15; 20; 40; 60. Fits correspond
to initial surface pro le with wetting angle ~ w = 90°.

Table | shows the corresponding values for the average
initial island radius R and standard deviation as well as
of the parameters ,, and 4 as a function of the dilution



TABLE I: Simulation parameters as a function of hydrogen

dilution ratio Ry for di erent wetting angles.

Ra( =90°) | 2(A) | 4(A®)| (A)|R(A)
15 0.2 6 6 | 135
20 0.2 10.5 6 11
40 0.4 80 6 11
60 0.6 190 6 10
Ra( =45 | 2(A) | 4(A®)| (A)|R(A)
15 1 110 | 365 | 10
20 1 250 | 31 | 10
40 1 570 | 26 | 10
60 1.6 1370 | 22 | 10

ratio Ry for wetting angles w =90° and  =45°. As
can be seen, the parameter® and depend relatively
weakly on the dilution ratio. In contrast the surface ten-
sion , increases with increasingRy, while the surface
di usion or smoothing parameter 4 increases even more
dramatically with the H , dilution ratio. These results
suggest that increasing the hydrogen dilution leads to in-

creased surface di usion of mobile species on the surface

of the growing a-Si Im. We note that this is reasonable
since we expect that increasing the H dilution leads to a
decrease in the number of unsaturated bonds and/or de-
fect sites, thus increasing the distance that mobile specie
can di use before being trapped or incorporated in the
Im.

Similar results are shown in Fig. 2 and Table | for the
case of smaller wetting angle (w = 45°). In this case,
there is again reasonable agreement up to the largest Im
thicknesses for the two largest dilution ratios. However,
the tis not quite as good as for = 90°. Similarly,
while there is good agreement foth < 500 1000A for
Rg = 15 and 20, there is poor agreement for larger thick-
nesses. As for the case ofy = 90°, we nd that the sur-
face tension , increases weakly with increasing dilution
ratio, while the surface di usion parameter 4 increases
much more rapidly with Rq. Also, the values of the pa-
rameter , and 4 are signi cantly larger for the case of
small wetting angle. We note that while the average ini-
tial island radius R ' 10 A is approximately the same as
for higher wetting angle ( w = 90°), the width  of the
island-radius distribution is several times larger than the
average radius. Fig. 3 shows a summary of our results
for the dependence of , and 4 on hydrogen dilution ra-
tio Ry for both wetting angles. As can be seen, for both
values of y, the parameter 4, exhibits a power-law de-
pendence on the dilution ratio, e.g. 4 (Rq) where

' 2:6 (1.7) for w =90° (45°) respectively.

Figure 4 shows typical plots of the morphology ob-
tained in our simulations at di erent thicknesses for the
caseRy = 40 and both wetting angles, e.g. w = 90°
((@)-(c)) and = 45° ((d)-(f)). As can be seen, the
lateral length-scale tends to increase with increasing Im
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FIG. 2: Experimental roughness (solid lines) and theoretic al
ts using Eq. 2 (dashed lines) as function of average Im thic k-
ness for H, dilution ratios Ry = 15; 20; 40; 60. Fits correspond
to initial pro le with wetting angle w =45°,

\

FIG. 3: Dependence of parameters , and
dilution ratio Rg for w =90° and w =45°

4 on hydrogen

thickness due to the elimination of small wavelength uc-
tuations. However, it appears to saturate at large thick-
nessesh > 1000A.

To study this behavior more quantitatively, we have
t the circularly-averaged height-height correlation fun c-
tion G(r) = m(Q)h(r)i (where A(r) h(r) h) to the
form G(r) exp( r?=2?) where is the lateral correla-
tion length. Fig. 5 shows the corresponding results for
the dependence of on Im thickness h for all four val-



ues of the dilution ratio for \y = 90°. Also included in
Fig. 5 (solid curves) are ts to the simulation results of
theform 2= A+B(l e "™ 1)+ C(1 e M 2). Similar
results (not shown) have been obtained for v = 45°.
As can be seen, while the correlation length tends to
increase with thickness at small thicknesses, it tends to
saturate to a value perortionaI to the maximally unsta-
ble wavelength , 2=2 4 at larger thicknesses. We
also note that, except for the caseRq = 15 for which
the initial lateral length scale is larger than the selected
wavelength ,, the Im thickness at which the correla-
tion length saturates corresponds approximately to that
at which the surface roughness begins to increase rapidly
as shown in Fig. 1.

FIG. 4. Gray-scale pictures (1024 A 1024A) of simulated
a-Si Im surface for Ry =40 for thicknesses (going from left-
to-right) h =5 A (initial con guration), h =500 A and h =
2000A. Figs. (a)-(c) correspond to w = 90° while Figs. (d)-
(f) correspond to w =45°.

V. DISCUSSION

Using RTSE we have measured the evolution of the sur-
face roughness in low-temperature (200C) a-Si growth
via PECVD for values of the hydrogen dilution ratio
ranging from Ry = 15 to Ry = 60. In general, we nd
that the surface roughness decreases with increasingq
for a given bulk layer thickness. In addition, the RTSE
results indicate that the growth process may be divided
into four distinct regimes: (i) an initial island nucleatio n
regime (ii) the formation of a bulk layer via island coales-
cence (iii) growth at approximately constant roughness
(iv) a rapid increase in roughness for large thicknesses.

To get a better understanding of the processes de-
termining the evolution of the surface roughness after
the initial stages of island nucleation and coalescence,
we have carried out simulations using a simpli ed linear
equation which includes two competing terms describing
the local growth rate - a negative surface tension term
( 2r 2h) which takes into account the combined e ects of
atomic shadowing® and evaporation/condensation, and
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FIG. 5: Lateral length scale parameter 2 as function of av-
erage Im thickness for Ry = 15;20;40;60 and w = 90°.
Saturation, valug of _ corresponds to most unstable mode

km = kc: 2= 2:2 4.

a surface di usion term*® (' 4r #h) which tends to smooth
the surface on short length-scales. Since it is di cult to
accurately model the process of island nucleation and co-
alescence, as an initial con guration in our simulations
we have assumed a random distribution of B spherical
\caps" whose average island density, radius and standard
deviation were chosen to match the initial experimental
roughness at small Im thickness h' 5 10A). Sim-
ilarly, since the experimental wetting angle w was un-
known, we have carried out simulations with two di erent
possible values, e.g. w = 45° and 9C°. The values of
the parameters , and 4 were then varied to obtain the
best possible agreement with experiment.

For the case oflarge dilution ratio ( R4 = 40 and 60), we
nd very good agreement between our simulation results
and experimental results for the surface roughness faall
thicknesses up to 300A. We note that better agreement
is obtained for the case of alarge wetting angle (w =
9(°) than for a small wetting angle ( w = 45°). Itis
worth noting that this is consistent with experiments on
liquid Si droplets on SiO, substrates’? in which a wetting
angle of 90 was observed.

Our results also suggest that, at least for large dilution
ratios, the dominant processes determining the evolution
of the surface roughness may be described by two main
e ects - an instability due to atomic shadowing (modi ed
by attachment/detachment) and smoothing due to sur-
face di usion. In this connection, we note that the value
of the parameter 4 found in our simulations increases
rapidly with increasing Rq. This is consistent with the
expectation that increasing the dilution ratio will lead
to a decreased density of trapping sites and an increased
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FIG. 6: Distribution F(m) of surface slopesm ( w = 90°)
for Rq = 60 (solid lines) and Ry = 15 (dashed lines).

di usion length. Similarly, we nd that , depends rela-
tively weakly on the dilution ratio. In addition, at least
for the case of large wetting angle, the magnitude of ,,
e.g. Q2 0:6 A, is signicantly less than expected us-
ing the Mazor-Srolovitz prediction 5 = where is
an atomic radius. This is consistent with our expecta-
tion that the destabilizing e ects of atomic shadowing
are compensated by the e ects of detachment, evapora-
tion, or re-emissior?? thus reducing the magnitude of ».
It is also worth noting that the short-range attraction of
depositing particles to the substrate may also play a role
in enhancing this instability, 1>23 although we would ex-
pect the e ects of attraction to be relatively weak, given
the relatively high kinetic energies of depositing partick
in PECVD.

As already noted, the good agreement between our
simulation results and experiments for high dilution ra-
tio indicates that surface diusion plays an important
role in the evolution of the surface roughness in low-
temperature PECVD. This behavior is consistent with
the results of Sperling and AbelsoA® who measured the
structure factor S(qg) for a-Si Ims grown via hot-wire
CVD (HWCVD) and found a q * dependence which is
typical of surface di usion. However, this raises the ques-
tion of what is di using, or perhaps more precisely what
is the dominant di using species? In this connection, we
note that recent atomistic kinetic Monte Carlo models
based on rst-principles calculations>® which have been
able to account for the dependence of the degree of crys-
tallinity on temperature and dilution ratio do not include
the e ects of di usion. This suggests that while di usion
may play an important role in determining the surface
roughness, it may have less e ect on the crystallinity.

We also nd relatively good agreement between our

simulations and experiments for low hydrogen dilution
ratio (Rqy = 15 and 20) for thicknesses which are not
too large, e.g. up to the point (e.g. “amorphous-to-
amorphous transition'®) where the roughness starts in-
creasing rapidly. However, in this case the rate of increase
of the experimentally measured roughness decreases at
large thicknesses. One possibility is that some new phys-
ical mechanism comes into play at large thicknesses for
small dilution ratios which suppresses the rapid increase
in roughness. However, another possibility is that the de-
velopment of large slopes at large Im thicknesses implies
that the linearized Eq. 2 cannot be used, but instead the
fully nonlinear Eq. 1 should be used.

In order to determine if this is the case, we have exam-
ined the distribution of surface slopesF (m) (where m is
slope magnitude) at large thicknesses for both small and
large dilution ratios. As can be seen in Fig. 6, for large di-
lution ratio the slopes are typically signi cantly less than
1 even at large Im thicknesses. In contrast, for small di-
lution ratio signi cantly larger slopes of the order of 1 or
larger are observed in our simulations. This suggests that
for small dilution ratios and large Im thicknesses, it may
be necessary to use the nonlinear form of Eq. 1. In this
connection, we note that the strength of the instability
term ( A;M) in Eqg. 1 decreases with increasing slope
jr hj and g = 1+ ( r h)?, thus possibly explaining this
e ect. On the other hand, the nonlinear surface di usion
term Aszg <M alsodecreases with increasing, while
the stabilizing attachment/detachment term A, g M is
also reduced, but less signi cantly. Therefore, numerical
integration of the fully nonlinear Eq. 1 will be needed to
determine if the di erences for small dilution ratio and
large Im thicknesses can be explained by these nonlinear
e ects.

Besides the nonlinearities inherent in Eq. 1, which
may be important for small dilution ratios and large Im
thicknesses, another important issue is the initial con g-
uration. Since in our simulations it was found that the
surface roughness evolution is quite sensitive to the initl
con guration, it would be desirable to directly model the
early stages of island nucleation and coalescence. While
a full atomistic simulation of a-Si growth is di cult be-
cause of the complexity of the PECVD process, we expect
that in the future, simulations of a simpli ed atomistic
model may allow us to obtain a better understanding of
the thin- Im morphology during the nucleation regime.

We now consider some possible extensions or modi ca-
tions to the simpli ed continuum model presented here.
In particular, we note that Raible et al. 62 have sug-
gested a number of additional terms to describe amor-
phous thin- Im growth. These include a Kardar-Parisi-
Zhang (KPZ)-like term 2> proportional to jr hj? which
may be related to the dependence of the Im density on
slope, as well as a \conserved KPZ term" (proportional
to r 2jr hj?) due to the slope dependence of the local den-
sity of di using species.?® By adding terms of this form,
and also including the e ects of nite scanning-tunneling
microscopy (STM) tip size, Raible et al.'® were able to



guantitatively explain the experimentally observed sat-
uration of the surface roughness in amorphous ZrAICu
thin Ims grown by physical vapor deposition. In the
future, it may be of interest to consider the addition of
similar nonlinear terms to Eq. 1 since these may become
important at large thicknesses and for lowRg.

Another e ect which has not been directly considered
in our simulations is the e ect of globalshadowing, which
may occur when atoms are deposited at an angle with re-
spect to the substrate. Such an e ect may be expected
in PECVD due to the fact that deposition takes place
in a plasma in which the molecules are traveling in ran-
dom directions before hitting the surface, thus leading to
shadowing of valleys by hills. While this provides another
possible explanation for the instability term  ,r 2h in
Eq. 2, shadowing is a non-local e ect and therefore can-
not be fully described simply by including this term.
Therefore, it may also be of interest to carry out simula-
tions in which shadowing and/or re-emission are directly
taken into account.

In conclusion, using RTSE we have measured the
evolution of the surface roughness in low-temperature
(200°C) a-Si growth via PECVD for values of the hy-
drogen dilution ratio ranging from Rgq = 15 to Ry4 = 60.
In general, we nd that the surface roughness decreases
with increasing Ry. In addition, our results indicate
that the growth process may be divided into several dis-
tinct regimes including a regime corresponding to growth
at approximately constant roughness as well as a rapid

increase in roughness for large thicknesses. To model
the experimentally observed roughness evolution we have
used a simplied linearized continuum equation which
takes into account the destabilizing e ects of atomic
shadowing and/or attraction as well as the smoothing
e ects of surface diusion. By varying the initial con-
guration as well as the parameters , and 4, we have
found good agreement with experiment in the case of
large dilution ratios (Rq = 40 and R4 = 60). The good
agreement between our simulations and experiments at
high dilution ratio indicates that surface di usion plays
an important role. However, there is disagreement at
large thicknesses for small dilution ratios Rq = 15 and
Ry = 20) when surface slopesn become larger than 1.
Further work will be needed to take into account a variety
of nonlinear e ects which may a ect the surface rough-
ness in this case, as well as to understand the atomistic
mechanisms of a-Si surface growth.

Acknowledgments

This work was supported by the Ohio Department
of Development through the Wright Center for Photo-
voltaics Innovation and Commercialization (PVIC) at
the University of Toledo. We would also like to acknowl-
edge grants of computer time from the Ohio Supercom-
puter Center (Grant no. PJS0245).

Electronic address: jamar@physics.utoledo.edu

! R.W. Collins, A.S. Ferlauto, G.M. Ferreira, Chi Chen,
Joohyun Koh, R.J. Koval, Yeeheng Lee, J.M. Pearce, C.R.
Wronski, Solar Energy Materials & Solar Cells 78, 143
(2003).

2 X. Tan, and G.W. Yang, Appl. Phys. Lett.
(2008).

3 PL. Novikov, A. Le Donne, S. Cereda, Leo Miglio,

S. Pizzini, S. Binetti, M. Rondanini, C. Cavallotti, D.

Chrastina, T. Moiseev, H. von Kanel, G. Isella, and F.

Montalenti, Appl. Phys. Lett. 94, 051904 (2009).

K. Tanaka, \Glow-discharge Hydrogenated Amorphous Sil-

icon', Boston, Kluwer, 1989.

G. Bruno, Pio Capezzuto, Arun Madan, \Plazma Depo-

sition Processes of Amorphous Silicon-Based Materials",

Boston, Academic Press, 1995.

J.R. Abelson, Appl. Phys. A, 56, 493 (1993).

We note that in the atomistic simulations of Refs. 2 and 3

only a minimal amount of roughness was observed.

8 N.J. Podraza, C.R. Wronski and R.W. Collins, J. Non-
Cryst. Solids 352, 950 (2006).

% 1. An, J.A. Zapien, C. Chen, A.S. Ferlauto, A.S. Lawrence,
and R.W. Collins, Thin Solid Films 455, 132 (2004).

101, An, H.V. Nguyen, N.V. Nguyen, and R.W. Collins, Phys.
Rev. Lett. 65, 2274 (1990).

1. An, Y.M. Li, H.V. Nguyen, and R.W. Collins, Rev. Sci.
Instrum. 63, 3842 (1992).

12 4. Fujiwara, J. Koh, P.I. Rovira, and R.W. Collins, Phys.

93, 061902

~N o

Rev. B 61, 10832 (2000).

18 3. Koh, Y. Lu, C.R. Wronski, Y. Kuang, R.W. Caollins,
T.T. Tsong, and Y.E. Strausser, Appl. Phys. Lett. 68,
1297 (1996).

14 A. Mazor, D.J. Srolovitz, P.S. Hagan, and B.G. Bukiet,
Phys. Rev. Lett. 60, 424 (1988).

15 M. Raible, S.G. Mayr, S.J. Linz, M. Moske, P. Hanggi, K.
Samwer, Europhys. Lett. 50,61 (2000).

16 M. Raible, S.J. Linz, P. Hanggi, Phys. Rev. E, 62, 1691
(2000).

17 F. Family and J.G. Amar, Fractals 1, 753 (1993).

18 W.W. Mullins, J. Appl. Phys. 28, 333 (1957).

19 B.A. Sperling and J.R. Abelson, Appl. Phys. Lett.
(2004).

20 A. Mazor, B.G. Bukiet, D.J. Srolovitz, J. Vac. Sci. Technol.

A, 7, 1386 (1989).

H. Kanai, S. Sugihara, H. Yamaguchi, T. Uchimaru, N.

Obata, T. Kikuchi, F. Kimura, M. Ichinokura, J. Mater

Sci. 42, 9529 (2007).

22 J1.T. Drotar, Y.P. Zhao, T.M. Lu, and G.C. Wang, Phys.
Rev. B, 62, 2118 (2000).

2 Y. Shim, V. Borovikov, J.G. Amar, Phys. Rev. B 77,
235423 (2008).

24 M. Raible, S.J. Linz, P. Hanggi, Phys. Rev. E, 64, 031506
(2001).

% M. Kardar, G. Parisi, and Y.C. Zhang, Phys. Rev. Lett.
56, 889 (1986).

% We note that an additional nonlinear term proportional

85, 3456

21



to the Gaussian curvature Kg = (hwhyy hE =1+ Escudero®” However, the coe cient of this term is ex-
(r h)?) has been suggested in Ref. 15 due to the e ects pected to be relatively small. ™

of attraction of incoming particles to the Im, and has " C. Escudero, Phys. Rev. Lett. 101, 196102 (2008).

also recently been suggested on more general grounds by



