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Surface roughening in low-pressure chemical vapor deposition
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We examine, using (2 1)-dimensional Monte Carlo simulations, the roughening behavior of a reemission
model for chemical vapor deposition. We find that, for pure first-order reemission, the interface roughens
logarithmically with time and that the scaling exponents are, for most sets of conditions, close to the exponents
of the Edwards-Wilkinson model(=0, 8=0, andz=2). We compare our results to experimental results on
chemical vapor deposition.

DOI: 10.1103/PhysRevB.64.125411 PACS nunider68.55.Jk, 05.46-a, 05.45-a, 68.35.Ct

[. INTRODUCTION for large Knudsen number, can explain the unusual scaling
behavior observed in plasma etchifd” In this model, we
Chemical vapor depositiofCVD) is a very important applied the same ideas that had been presented in the line-
thin-film deposition technique in the microelectronics indus-of-sight model for LPCVD. In other words, during plasma
try and other industries that make use of thin-film coatings€tching, the pressure is usually low enough so that the mean
The CVD process includes precursor transport, chemical reffe€ path of the vapor particles is much larger than the size of
actions, and surface interactions. There are two limitinghe surface features. In this case, collisions between vapor
cases for CVD: the high-pressure and low-pressure cypparticles can be ignored, and the particles are assumed to
processes. For the high-pressure CVD process, the mean fregavel in a straight line until striking the surface. Clearly, the
path of the precursor is much smaller than the characteristig@me type of model can also be applied to describe the
length of the surface features. In other words, the KnudsekPCVD process.
number (defined as the ratio of the mean free path of the In this paper, we present the results of Monte Carlo simu-
precursor to the characteristic length of the surface featuredations that demonstrate the scaling behavior of the reemis-
is small. Therefore the high-pressure CVD process is a hysion model for the case of depositideorresponding to
drodynamic process. For low-pressure CUIPCVD), since LPCVD). We .also discuss the relationship of .these_results to
the mean free path of the precursor is much larger than th@ther theoretical models of surface roughening. Finally, we
characteristic length of the surface features, the process c&@mpare our results to experimental results of low-pressure

be described by ballistic transport. chemical vapor deposition.
Several researchers have studied surface morphology or
morphological stability issues for the small Knudsen number Il. MODEL

case(pressure~10-760 Tory.1~81n these studies, gas trans-

port was taken into account by using a continuum diffusion In the reemission model, particles are incident on a sur-
equation, and it was assumed that the gas-film interfacéce (which we initially take to be flatand, upon colliding
reaches quasithermal equilibrium. In other words, the effectwith the surface, a particle either sticks on the surface or is
of surface diffusion, gas diffusion, capillarity, surface reac-reemitted and goes elsewhere. This is shown in Fig. 1. When
tions, and the curvature of the film are all taken into accoung particle sticks on the surface, it will either etch the surface
in the framework of continuum theory. Particularly, Bales (for the case of etchingor deposit on it(for the case of

et al. have shown theoretically that, in the diffusion-limited deposition. A reemitted particle will simply go off in some
growth regime, the surface is not stable and has a fingerlikdirection and may collide with the surface again. We call
morphology? In the reaction-limited growth regime, the sur-

face should, theoretically, exhibit Kardar-Parisi-ZhdK§Z)

type growth’ but so far there has been no experimental evi- l Fo

dence to support this claim. This could be due to complica-
tions caused by flow transport.

In the large-Knudsen-number case, i.e., the LPCVD pro-
cess, researchers have used the idea of ballistic transport of
an ideal gas to study trench or via filling problems for many
years’*They have shown that, since the Knudsen number
is large, collisions of precursors within the trench or via can
be neglected. This kind of line-of-sight model can explain
very well the features observed in trench evolution, although
the details of the model may vary. However, surface morpho-
logical evolution governed by this kind of dynamics has only
recently been studief. FIG. 1. Flux reemission: the incoming particle can be reemit-

Recently, we have demonstrated that a reemission modeakd from pointA to land at pointB.
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incident particles zeroth-order particles, while ati-order = )
particle that has been reemitted is called ar-()th-order aCIdERpParicle
particle. Annth-order particle has a probability, of stick-

ing, wheres, is called thenth-order sticking coefficient. A

reemission process is characterized by, among other things,

its sticking coefficients. In particular, we define ath-order

reemission process tw~0 fori<n and Sn:]. partlcle depos]ted on surface
To model LPCVD, we assume first-order reemission
deposition. There are still several unknowns, however. First, /

one must specify the properties of the incident flux. For ex-
ample, the flux can be collimated, in which case the incom-

ing particles come from a single direction, or it can be non- 15 5 The Monte Carlo simulation of the reemission mod-

collimated, in which case the incoming particles come fromg. 5, incoming particle bounces off the surface and then deposits
a range of directions. We consider only two cases. In the firs{;se\where on the surface.

case, called directional flux, the incoming particles come
from the normal direction only. In the second case, called i ,
nondirectional flux, incoming particles can come from anyform s,F,, whereF, is the flux ofnth-order particles. Note

direction and obey the probability distribution that F is simply the incident flux. As discussed in Ref. 18,
the higher-order fluxes can be found recursively from the

dP cosé lower-order fluxes.
Q- 7 (1) In a previous study, we found that Monte Carlo simula-

tions of the reemission model were much more efficient than

where the angle is measured with respect to the substratenumerica”y solving Eq.(2).1%18 Therefore, in the present
normal. This distribution is derived from the assumption thatyork, we use only Monte Carlo simulations. The idea behind
incoming particles come from a gas containing particles travthe Monte Carlo simulations is simple. The surface is as-
eling in all directions with equal probability. ~ sumed to be described by a height functiofx,y) defined

~ The next thing one must specify is the mode of reemisn 5 periodidN x N lattice. Furthermoreh can take on only
sion. For example, when a particle is reemitted, the directiofnteger values. The periodic boundary condition of the lattice
it goes off in can_depend on the dlrect|on.frqm which it implies thath(x+iN,y+jN)=h(x,y) for any integersi,j.
came. This case is called nondiffuse reemission. One cafhe simulation proceeds one particle at a time. First, a ran-
also have diffuse reemission. This is the case if the directiogym position in thex-y plane is chosen for the particle. The
in which the particle leaves does not depend on the directiofhija| position of the particle in thé direction is always one
from which it came. There are actually many different kinds ssition higher than the maximum of the surface. Next, the
of diffuse and nondiffuse reemission, but we focus only ongjrection that the particle will go off in is chosen; the distri-
three specific cases. The first two, thermal and uniform, argtion of directions depends on the properties of the incident
considered diffuse reemission. The last, specular, is a type 9f,x The particle moves in this direction until hitting the
nondiffuse reemission. For thermal reemission, the probabllgurface’ after which it can deposit on the surface or be re-
ity distribution (probability per solid angleof the reemitted  emitted according to the reemission mode. If it is reemitted,
flux is given byP= (fi;/-A")/ar, while, for uniform reemis-  the particle will travel until it hits the surface again or passes
sion, it is given byP=1/27. The unit normal vector at the apove the highest point on the surface. Once the particle has
place the flux is being reemitted from fis, while fi, is @  geposited on the surface or has passed above the highest
unit ve_ctor that points in the Qirgction the qu>§ goes off in point on the surfacémeaning it will never hit the surfage
(see Fig. 1. For specular reemission, the outgoing flux anglethe apove procedure is repeated for a new particle. This pro-

is equal to the incident angle. _ _ cedure is illustrated in Fig. 2. Also, to avoid overhangs, a
In previous work, we used the continuum equation particle that hits the side of a column will slide down the
sh column before sticking.
— =pV2h— kV*hF 1+ (Vh)2 The above procedure allows us to generate simulated sur-
ot faces for the reemission model. Once this is done, it is nec-

essary to describe the evolution of the generated surfaces
quantitatively. From the simulated surfaces, one can compute
to describe the reemission model and solved this equatiothe time dependent height-height correlation function
numerically'®'8 This equation describes the evolution of the
surface heighh(x,y). The first term corresponds to conden-
sation and evaporation, and the second term is due to surface
diffusion. The last term is a noise term, which accounts for
the fact that the incoming particles arrive at random timeswyhich contains most of the relevant statistical information
and at random positions. The third term is due to reemissiorabout the surfaces. The averaging is done overr theari-

and the\/1+ (Vh)? factor is present because growth occursable. We assume that the height-height correlation function
normal to the local surface. Also present are terms of thédas the forn?’

X[soFo(r,t)+s;Fq(r,t)+---]+ 7 2

H(r,t)=([h(r+r’,t)=h(r’,t)]%), 3
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FIG. 5. Interface width squared vs time for the 162024
t=158 t=1259 ¢=10000 Monte Carlo simulations of first-order deposition for different types
of reemission and incident flux. For the case of nondirectional flux
and specular reemission, the interface width vs time has been plot-

@ ted.

t=158 =1259 £= 10000 wocth (5)

FIG. 3. Simulated surfaces for first-order deposition at variousand
times.(a) Nondirectional flux and thermal reemissigh) nondirec-
tional flux and uniform reemission,c) nondirectional flux and §°<t1/Z, (6)
specular reemission, and) directional flux and thermal reemis-
sion. The gray scale is adjusted so that the highest point on t
surface is white and the lowest point is black.

nWhere g and z are the growth and dynamic exponents, re-
spectively. The parameters B, andz are not independent,
but are assumed to satisfy

;
H(r,t)=2[w(t zf[—} 4 z=alp. (7)
(r,t)=2[w(t)] 0 4
with f(r)ecr?® for r<1 andf(r)=1 for r>1. Herew(t) is Ill. RESULTS AND DISCUSSION
the interface width defined byv(t)?=([h(r,t)—h(t)]?), For the case of pure first-order deposition, simulations

whereh(t) is the average height of the surface and the avwere carried out with a 10241024 lattice. The sticking co-

erage is over alf, £(t) is the lateral correlation length, amd  efficients used werg,=0.05 ands;=1, and four different

is called the roughness exponent. We assume that these pamases were simulated: nondirectional flux and thermal re-
rameters can characterize a single surface completely. Bgmission, nondirectional flux and uniform reemission, non-
looking at how these parameters evolve with time, one cauwlirectional flux and specular reemission, and directional flux
also characterize the dynamic behavior of a model. We asand thermal reemission. Simulated surfaces at different
sume that bothwv(t) and £(t) evolve in time as power laws, times, for each case, are shown in Fig. 3. The time is scaled
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FIG. 4. Height-height correlation functions for various times for ~ FIG. 6. Correlation length vs time for the 1024024 Monte
the 10241024 Monte Carlo simulation of first-order deposition Carlo simulations of first-order deposition for different types of
with nondirectional flux and thermal reemission. reemission and incident flux. The solid line correspondgoto’2.
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TABLE |. The predicted scaling exponents for several different (3-dimensional growth and etching
models. For comparison, experimental results for low-pressure chemical vapor depdsriowD) and
plasma-enhanced chemical vapor deposititECVD) are also shown.

Model a B z Reference
Random deposition Not defined 0.5 Not defined 20
Edwards-Wilkinson 0 0 2 20
KPZ 0.38 0.24 1.58 21
Mullins diffusion 1 0.25 4 22
Shadowing growth Not defined 1 1.688.1 23
Shadowing etching 0 0 0 23
First-order ~1 ~1 ~1 16,18
reemission etching
First-order nondir/thermal ~0 ~0 1.89 This work
reemission nondir/uniform ~0 ~0 4.76
deposition nondir/specular 0.41 ~0 2.08
dir/thermal ~0 ~0 2.33
LPCVD of a-Si on Si 0.48 24
LPCVD of poly-Si on Si 0.90 24
LPCVD of Cu on S{100 0.81+0.05 0.62-0.09 25
at 453 K
LPCVD of SiG, on 611 K 0.58 0.51 26
Si(100 723 K 0.42 0.26 1.61
PECVD ofa-Si:H on S{100 at 0.11 7.7 27
523 K
PECVD ofa-Si:H 323 K 0.54-0.03 28
on Si001) 523 K 0.38-0.03
613 K 0.36-0.03
PECVD ofa-Si:H on graphite at 0.20 29
573 K
PECVD ofa-Si:H 373 K 0.42 30
on Si100 473 K 0.29
523 K 0.29
573 K 0.11
723 K 0.17
773 K 0.07

so that each simulation ends at 10 000, and the total numbeaicale, and in both plots, we can see an initial crossover re-
of incident particles is 500 10°. The surface morphology, in gime followed by a late-time scaling regime. The crossover
each case, is rough, and the correlation length increases withkes considerable time, and the scaling regime is only ob-
time. The morphology for the case of nondirectional flux andserved from about= 1000 tot=10000. From Fig. 5, it ap-
specular reemissioffig. 3(c)] appears to be slightly differ- pears that thatvecIn(t) in the scaling regime, for the case of
ent from the other three. In Fig. 4, we plot the height-heightnondirectional flux and specular reemission. For the remain-
correlation function for different times for the case of nondi-ing cases, it appears that?=In(t) in the scaling regime.
rectional flux and thermal reemission. The plot is in semi-However, in each case, we conclude ta0. In Fig. 6, we
logarithmic scale and is almost a straight line, at later timessee a power-law dependence of the correlation length on
for r<¢. This implies thatH(r)o<In(r) for r<¢, which  time, from which we can obtain the dynamic exponent. The
means thatv~0. We also find thatx~0 for nondirectional exponents for first-order reemission are summarized in Table
flux and uniform reemission and directional flux and thermall along with the exponents for several other growth and etch-
reemission. For nondirectional flux and specular reemissioring models. Some experimental results are also shown. Note
we find thata=0.41. that the exponents for the Edwards-Wilkinson model are
In Fig. 5, we plot the interface width versus time for the close to the results we obtained for first-order reemission
case of nondirectional flux and specular reemission, and wgrowth for most sets of conditions. However, the growth
plot the square of the interface width versus time for themechanism for the Edwards-Wilkinson model is completely
remaining three cases. In Fig. 6, we plot the correlatiordifferent from the mechanism for the reemission model. This
length versus time for all four cases. The first plot is inillustrates the fact that universality classes and their expo-
semilogarithmic scale, while the second plot is in log-loghents do not have a one-to-one correspondence.
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From the experimental results in Table I, we see that the IV. CONCLUSION

exponents found for LPCVD, for most cases, do not agree

with our results for first-order reemission growth. There are  Our Monte Carlo simulations show that first-order reemis-

at least two possible explanations for this. First, other mechasion deposition gives scaling exponents similar to the expo-
nisms might be present, aside from reemission. For exampleents of the Edwards-Wilkinson model, in sharp contrast to
surface diffusion could be responsible for the higher value ofirst-order reemission etching. While first-order reemission

a found in some CVD experiments. Second, the reemissiogeposition does exhibit some degree of universality, the uni-
in the CVD experiments might not be first order. Recently,esality is not as strong as in the case of first-order reemis-
we have examined the behavior of the reemission model fog;,, etching. Also, we find poor agreement between our first-

cases other than first-order reemissidiFor example, we agrder reemission deposition simulations and chemical vapor

eiamined e case uhers o sicking coeficents are e0leposiion experiments, especialy for low temperatres,
- i . This is probably due to the high value of the sticking coef-
order reemission to zeroth-order reemissisimadowing that o )
ficient that exists for low temperatures.

occurs whers, is increased® We discovered that the scaling
exponents undergo a transition that is qualitatively similar to
the transition in experimental CVD exponents that occurs

when substrate temperature is increaSethus it is likely ACKNOWLEDGMENT
that first-order reemission holds for LPCVD only at high
temperatures. This work is supported by the NSF.
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