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Surface roughening in low-pressure chemical vapor deposition

Jason T. Drotar, Y.-P. Zhao, T.-M. Lu, and G.-C. Wang
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~Received 1 May 2001; revised manuscript received 18 June 2001; published 10 September 2001!

We examine, using (211)-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 (a50, b50, andz52). We compare our results to experimental results on
chemical vapor deposition.
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I. INTRODUCTION

Chemical vapor deposition~CVD! is a very important
thin-film deposition technique in the microelectronics indu
try and other industries that make use of thin-film coatin
The CVD process includes precursor transport, chemica
actions, and surface interactions. There are two limit
cases for CVD: the high-pressure and low-pressure C
processes. For the high-pressure CVD process, the mean
path of the precursor is much smaller than the character
length of the surface features. In other words, the Knud
number ~defined as the ratio of the mean free path of
precursor to the characteristic length of the surface featu!
is small. Therefore the high-pressure CVD process is a
drodynamic process. For low-pressure CVD~LPCVD!, since
the mean free path of the precursor is much larger than
characteristic length of the surface features, the process
be described by ballistic transport.

Several researchers have studied surface morpholog
morphological stability issues for the small Knudsen num
case~pressure;10–760 Torr!.1–6 In these studies, gas tran
port was taken into account by using a continuum diffus
equation, and it was assumed that the gas-film interf
reaches quasithermal equilibrium. In other words, the effe
of surface diffusion, gas diffusion, capillarity, surface rea
tions, and the curvature of the film are all taken into acco
in the framework of continuum theory. Particularly, Bal
et al. have shown theoretically that, in the diffusion-limite
growth regime, the surface is not stable and has a finger
morphology.3 In the reaction-limited growth regime, the su
face should, theoretically, exhibit Kardar-Parisi-Zhang~KPZ!
type growth,7 but so far there has been no experimental e
dence to support this claim. This could be due to compli
tions caused by flow transport.

In the large-Knudsen-number case, i.e., the LPCVD p
cess, researchers have used the idea of ballistic transpo
an ideal gas to study trench or via filling problems for ma
years.7–14 They have shown that, since the Knudsen num
is large, collisions of precursors within the trench or via c
be neglected. This kind of line-of-sight model can expla
very well the features observed in trench evolution, althou
the details of the model may vary. However, surface morp
logical evolution governed by this kind of dynamics has on
recently been studied.15

Recently, we have demonstrated that a reemission mo
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for large Knudsen number, can explain the unusual sca
behavior observed in plasma etching.16,17 In this model, we
applied the same ideas that had been presented in the
of-sight model for LPCVD. In other words, during plasm
etching, the pressure is usually low enough so that the m
free path of the vapor particles is much larger than the siz
the surface features. In this case, collisions between va
particles can be ignored, and the particles are assume
travel in a straight line until striking the surface. Clearly, t
same type of model can also be applied to describe
LPCVD process.

In this paper, we present the results of Monte Carlo sim
lations that demonstrate the scaling behavior of the reem
sion model for the case of deposition~corresponding to
LPCVD!. We also discuss the relationship of these results
other theoretical models of surface roughening. Finally,
compare our results to experimental results of low-press
chemical vapor deposition.

II. MODEL

In the reemission model, particles are incident on a s
face ~which we initially take to be flat! and, upon colliding
with the surface, a particle either sticks on the surface o
reemitted and goes elsewhere. This is shown in Fig. 1. W
a particle sticks on the surface, it will either etch the surfa
~for the case of etching! or deposit on it~for the case of
deposition!. A reemitted particle will simply go off in some
direction and may collide with the surface again. We c

FIG. 1. Flux reemission: the incoming particle can be reem
ted from pointA to land at pointB.
©2001 The American Physical Society11-1
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incident particles zeroth-order particles, while annth-order
particle that has been reemitted is called an (n11)th-order
particle. Annth-order particle has a probabilitysn of stick-
ing, wheresn is called thenth-order sticking coefficient. A
reemission process is characterized by, among other th
its sticking coefficients. In particular, we define annth-order
reemission process bysi'0 for i ,n andsn51.

To model LPCVD, we assume first-order reemissi
deposition. There are still several unknowns, however. F
one must specify the properties of the incident flux. For
ample, the flux can be collimated, in which case the inco
ing particles come from a single direction, or it can be no
collimated, in which case the incoming particles come fro
a range of directions. We consider only two cases. In the
case, called directional flux, the incoming particles co
from the normal direction only. In the second case, cal
nondirectional flux, incoming particles can come from a
direction and obey the probability distribution

dP

dV
5

cosu

p
, ~1!

where the angleu is measured with respect to the substr
normal. This distribution is derived from the assumption th
incoming particles come from a gas containing particles tr
eling in all directions with equal probability.

The next thing one must specify is the mode of reem
sion. For example, when a particle is reemitted, the direc
it goes off in can depend on the direction from which
came. This case is called nondiffuse reemission. One
also have diffuse reemission. This is the case if the direc
in which the particle leaves does not depend on the direc
from which it came. There are actually many different kin
of diffuse and nondiffuse reemission, but we focus only
three specific cases. The first two, thermal and uniform,
considered diffuse reemission. The last, specular, is a typ
nondiffuse reemission. For thermal reemission, the proba
ity distribution ~probability per solid angle! of the reemitted
flux is given byP5(n̂r8r"n̂8)/p, while, for uniform reemis-
sion, it is given byP51/2p. The unit normal vector at the
place the flux is being reemitted from isn̂8, while n̂r8r is a
unit vector that points in the direction the flux goes off
~see Fig. 1!. For specular reemission, the outgoing flux an
is equal to the incident angle.

In previous work, we used the continuum equation

]h

]t
5v¹2h2k¹4h7A11~¹h!2

3@s0F0~r ,t !1s1F1~r ,t !1¯#1h ~2!

to describe the reemission model and solved this equa
numerically.16,18This equation describes the evolution of t
surface heighth(x,y). The first term corresponds to conde
sation and evaporation, and the second term is due to su
diffusion. The last term is a noise term, which accounts
the fact that the incoming particles arrive at random tim
and at random positions. The third term is due to reemiss
and theA11(¹h)2 factor is present because growth occu
normal to the local surface. Also present are terms of
12541
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form snFn , whereFn is the flux ofnth-order particles. Note
that F0 is simply the incident flux. As discussed in Ref. 1
the higher-order fluxes can be found recursively from
lower-order fluxes.

In a previous study, we found that Monte Carlo simu
tions of the reemission model were much more efficient th
numerically solving Eq.~2!.16,18 Therefore, in the presen
work, we use only Monte Carlo simulations. The idea beh
the Monte Carlo simulations is simple. The surface is
sumed to be described by a height functionh(x,y) defined
on a periodicN3N lattice. Furthermore,h can take on only
integer values. The periodic boundary condition of the latt
implies thath(x1 iN,y1 jN)5h(x,y) for any integersi,j .
The simulation proceeds one particle at a time. First, a r
dom position in thex-y plane is chosen for the particle. Th
initial position of the particle in theh direction is always one
position higher than the maximum of the surface. Next,
direction that the particle will go off in is chosen; the distr
bution of directions depends on the properties of the incid
flux. The particle moves in this direction until hitting th
surface, after which it can deposit on the surface or be
emitted according to the reemission mode. If it is reemitt
the particle will travel until it hits the surface again or pass
above the highest point on the surface. Once the particle
deposited on the surface or has passed above the hig
point on the surface~meaning it will never hit the surface!,
the above procedure is repeated for a new particle. This
cedure is illustrated in Fig. 2. Also, to avoid overhangs
particle that hits the side of a column will slide down th
column before sticking.

The above procedure allows us to generate simulated
faces for the reemission model. Once this is done, it is n
essary to describe the evolution of the generated surfa
quantitatively. From the simulated surfaces, one can comp
the time dependent height-height correlation function

H~r ,t !5^@h~r1r 8,t !2h~r 8,t !#2&, ~3!

which contains most of the relevant statistical informati
about the surfaces. The averaging is done over ther 8 vari-
able. We assume that the height-height correlation func
has the form19

FIG. 2. The Monte Carlo simulation of the reemission mo
el: an incoming particle bounces off the surface and then depo
elsewhere on the surface.
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H~r ,t !52@w~ t !#2f F r

j~ t !G , ~4!

with f (r )}r 2a for r !1 and f (r )51 for r @1. Herew(t) is
the interface width defined byw(t)25^@h(r ,t)2h̄(t)#2&,
where h̄(t) is the average height of the surface and the
erage is over allr , j(t) is the lateral correlation length, anda
is called the roughness exponent. We assume that thes
rameters can characterize a single surface completely
looking at how these parameters evolve with time, one
also characterize the dynamic behavior of a model. We
sume that bothw(t) andj(t) evolve in time as power laws

FIG. 3. Simulated surfaces for first-order deposition at vario
times.~a! Nondirectional flux and thermal reemission,~b! nondirec-
tional flux and uniform reemission,~c! nondirectional flux and
specular reemission, and~d! directional flux and thermal reemis
sion. The gray scale is adjusted so that the highest point on
surface is white and the lowest point is black.

FIG. 4. Height-height correlation functions for various times f
the 102431024 Monte Carlo simulation of first-order depositio
with nondirectional flux and thermal reemission.
12541
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and

j}t1/z, ~6!

whereb and z are the growth and dynamic exponents, r
spectively. The parametersa, b, andz are not independent
but are assumed to satisfy

z5a/b. ~7!

III. RESULTS AND DISCUSSION

For the case of pure first-order deposition, simulatio
were carried out with a 102431024 lattice. The sticking co-
efficients used weres050.05 ands151, and four different
cases were simulated: nondirectional flux and thermal
emission, nondirectional flux and uniform reemission, no
directional flux and specular reemission, and directional fl
and thermal reemission. Simulated surfaces at differ
times, for each case, are shown in Fig. 3. The time is sca

s

he

FIG. 5. Interface width squared vs time for the 102431024
Monte Carlo simulations of first-order deposition for different typ
of reemission and incident flux. For the case of nondirectional fl
and specular reemission, the interface width vs time has been
ted.

FIG. 6. Correlation length vs time for the 102431024 Monte
Carlo simulations of first-order deposition for different types
reemission and incident flux. The solid line corresponds toj}t1/2.
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TABLE I. The predicted scaling exponents for several different (211)-dimensional growth and etchin
models. For comparison, experimental results for low-pressure chemical vapor deposition~LPCVD! and
plasma-enhanced chemical vapor deposition~PECVD! 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 1.0860.1 23
Shadowing etching 0 0 0 23

First-order
reemission etching

;1 ;1 ;1 16,18

First-order
reemission
deposition

nondir/thermal ;0 ;0 1.89 This work
nondir/uniform ;0 ;0 4.76
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 Si~100!

at 453 K
0.8160.05 0.6260.09 25

LPCVD of SiO2 on 611 K 0.58 0.51 26
Si~100! 723 K 0.42 0.26 1.61

PECVD of a-Si:H on Si~100! at
523 K

0.11 7.7 27

PECVD of a-Si:H
on Si~001!

323 K 0.5460.03 28
523 K 0.3860.03
613 K 0.3660.03

PECVD of a-Si:H on graphite at
573 K

0.20 29

PECVD of a-Si:H
on Si~100!

373 K 0.42 30
473 K 0.29
523 K 0.29
573 K 0.11
723 K 0.17
773 K 0.07
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so that each simulation ends at 10 000, and the total num
of incident particles is 5003106. The surface morphology, in
each case, is rough, and the correlation length increases
time. The morphology for the case of nondirectional flux a
specular reemission@Fig. 3~c!# appears to be slightly differ
ent from the other three. In Fig. 4, we plot the height-heig
correlation function for different times for the case of non
rectional flux and thermal reemission. The plot is in sem
logarithmic scale and is almost a straight line, at later tim
for r !j. This implies thatH(r )} ln(r) for r !j, which
means thata'0. We also find thata'0 for nondirectional
flux and uniform reemission and directional flux and therm
reemission. For nondirectional flux and specular reemiss
we find thata50.41.

In Fig. 5, we plot the interface width versus time for th
case of nondirectional flux and specular reemission, and
plot the square of the interface width versus time for
remaining three cases. In Fig. 6, we plot the correlat
length versus time for all four cases. The first plot is
semilogarithmic scale, while the second plot is in log-l
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scale, and in both plots, we can see an initial crossover
gime followed by a late-time scaling regime. The crosso
takes considerable time, and the scaling regime is only
served from aboutt51000 tot510 000. From Fig. 5, it ap-
pears that thatw} ln(t) in the scaling regime, for the case o
nondirectional flux and specular reemission. For the rema
ing cases, it appears thatw2} ln(t) in the scaling regime.
However, in each case, we conclude thatb'0. In Fig. 6, we
see a power-law dependence of the correlation length
time, from which we can obtain the dynamic exponent. T
exponents for first-order reemission are summarized in Ta
I along with the exponents for several other growth and et
ing models. Some experimental results are also shown. N
that the exponents for the Edwards-Wilkinson model
close to the results we obtained for first-order reemiss
growth for most sets of conditions. However, the grow
mechanism for the Edwards-Wilkinson model is complet
different from the mechanism for the reemission model. T
illustrates the fact that universality classes and their ex
nents do not have a one-to-one correspondence.
1-4
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From the experimental results in Table I, we see that
exponents found for LPCVD, for most cases, do not ag
with our results for first-order reemission growth. There a
at least two possible explanations for this. First, other mec
nisms might be present, aside from reemission. For exam
surface diffusion could be responsible for the higher value
a found in some CVD experiments. Second, the reemiss
in the CVD experiments might not be first order. Recen
we have examined the behavior of the reemission mode
cases other than first-order reemission.15 For example, we
examined the case where all sticking coefficients are eq
~all-order reemission! and examined the transition from firs
order reemission to zeroth-order reemission~shadowing! that
occurs whens0 is increased.15 We discovered that the scalin
exponents undergo a transition that is qualitatively simila
the transition in experimental CVD exponents that occ
when substrate temperature is increased.15 Thus it is likely
that first-order reemission holds for LPCVD only at hig
temperatures.
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IV. CONCLUSION

Our Monte Carlo simulations show that first-order reem
sion deposition gives scaling exponents similar to the ex
nents of the Edwards-Wilkinson model, in sharp contras
first-order reemission etching. While first-order reemiss
deposition does exhibit some degree of universality, the u
versality is not as strong as in the case of first-order reem
sion etching. Also, we find poor agreement between our fi
order reemission deposition simulations and chemical va
deposition experiments, especially for low temperatur
This is probably due to the high value of the sticking co
ficient that exists for low temperatures.
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