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Surface roughening in shadowing growth and etching in 2¿1 dimensions

Jason T. Drotar, Y.-P. Zhao, T.-M. Lu, and G.-C. Wang
Department of Physics, Applied Physics, and Astronomy, Rensselaer Polytechnic Institute, Troy, New York 12180-3590

~Received 18 October 1999!

Through numerical calculations and Monte Carlo simulations, we examine the roughening behavior of a
shadowing model, with lateral growth, for (211)-dimensional systems. The results show that the roughening
growth exponentb51 for growth andb50 for etching. For the Monte Carlo simulation of the growth model,
tall columns are formed, and the correlation length obeysj}(t2t0)1/z, with 1/z50.9360.1. For the Monte
Carlo simulation of the etching model, we obtain 1/z50, and the height-height correlation functionH(r ) is
proportional to log(r) for r !j. The results are compared to previous computational studies of shadowing and
to experimental studies of sputter deposition.
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I. INTRODUCTION

In deposition or etching processes, shadowing is ofte
factor in the evolution of the interface. In such process
uncollimated particles are incident on a substrate and, u
contact with the substrate surface, either etch the surfac
are deposited on it. Shadowing implies that a given point
the surface can receive fewer particles than other points,
cause nearby surface features block some of the incom
particles. This is illustrated in Fig. 1. This sort of process
believed to be important in sputter deposition of thin film

There have been several experimental studies of roug
ing in sputter deposited films.1–6. As can be seen in Table
a wide range of scaling exponents has been observed, an
observed exponents seem to depend on the experim
conditions as well as the deposition species. For exam
You et al. obtained a value of 0.40 for the growth expone
b and a value of 0.40 for the roughness exponenta for
sputter deposition of gold at 300 K,1 while Wanget al. found
that b50.42 anda50.8960.05 for sputter deposition o
molybdenum at room temperature.2 Lee, Cahill, and Greene
studied sputter deposition of silicon onto singular and mis
silicon substrates at 300 °C and foundb50.760.05 anda
50.8060.05 for the miscut substrates andb50.660.05 and
a50.8560.05 for the singular substrates.3 Le Bellac, Ni-
klasson, and Granqvist studied the scaling of chromium fi
prepared by oblique sputter deposition at 300–330 K
found b50.9860.1 anda'1.4 They also found that the
average column diameterz obeyedz}t0.9860.1.4 For sputter
deposition of copper at 450 K, Eisenmenger-Sittneret al.
found thatb51/3,5 while Karr et al. found, for sputter depo-
sition of TiN at 750 °C, thatb50.2560.07, and that the
average mound separation was proportional tot0.2560.07.6

Both numerical calculations and Monte Carlo simulatio
of shadowing have been carried out, but so far, most of
theoretical studies have been performed in 111
dimensions.7–13 This is due to the extreme difficulty o
studying nonlocal models, like shadowing, in 211 dimen-
sions. Yao and Guo proposed a continuum equation for sh
owing growth in 211 dimensions.14
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The first term on the right-hand side of this equation is
condensation-evaporation term. TheV in Eq. ~1! is the ex-
posure solid angle. The last term is a noise term. The num
cal calculations, on a 96396 lattice, of Yao and Guo show
that the interface widthw increases linearly with time and
that the column widthz grows asz}t0.3360.02.14 However,
their model does not include the possibility of growth norm
to the local surface that occurs experimentally during spu
deposition.

In this paper, we examine a (211)-dimensional con-
tinuum model of shadowing with surface normal growth a
present a detailed Monte Carlo study of a discr
(211)-dimensional shadowing model, with inherent late
growth, similar to the (111)-dimensional model of Roland
and Guo.11 Our results are compared to published expe
mental findings. We also examine the dynamic scaling
havior of etching in the presence of shadowing.

II. CONTINUUM MODEL OF SHADOWING

Here we use a continuum model in which the surface
described by a height functionh(r ,t), wheret refers to time
andr5(x,y). Further, we impose the periodic condition th
h(x1N,y1N,t)5h(x,y,t) for a system size ofN3N.
Shadowing growth and etching can be considered a spe
case of the nonlocal model that we recently studied.15

FIG. 1. Illustration of the shadowing effect. The valley receiv
fewer incoming particles than the peaks, because incoming part
are blocked by the peaks.
2118 ©2000 The American Physical Society
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TABLE I. The observed exponents for several sputter deposition experiments. For comparison, t
ical shadowing results are shown below the double line.

System/model

Film
structure/model

type
Temperature/number

of dimensions a b p Reference

Au on
Si ~111!

220 K
300 K

0.42
0.40

0.42
0.40

1

Mo on
Si ~111!

Room
temperature

0.8960.05 0.42 2

Si on
Si ~001!:

3

Singular
Miscut

Epitaxial
Epitaxial

300 °C
300 °C

0.8560.05
0.8060.05

0.660.05
0.760.05

Cr ~oblique
incidence!

300–330 K 1 0.9860.1 0.9860.1 4

Cu on
oxidized
Si ~100!

450 K 1/3 5

TiN ~001!
on

MgO ~001!

Epitaxial 750 °C 0.2560.07 0.2560.07 6

Shadowing growth
~without lateral

growth!

Continuum 111 1 0.7 12

Shadowing
growth

~with lateral
growth!

Continuum 111 1 1 12

Shadowing
growth

Monte Carlo 111 0.5520.58 11

Shadowing
growth

Continuum 211 1 0.3360.02 14

Shadowing
growth

Continuum 211 1 This work

Shadowing
etching

Continuum 211 0 This work

Shadowing
growth

Monte Carlo 211 1 0.9360.1 This work

Shadowing
etching

Monte Carlo 211 0 0 0 This work
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The first two terms on the right-hand side of this equation
the familiar smoothing mechanisms of condensation
evaporation and surface diffusion, respectively. The last t
is the noise term, and the third term is a nonlinear te
corresponding to flux reemission. The factor7A11(¹h)2 is
present because the growth and etching are normal to
local surface. Here, the ‘‘1’’ sign corresponds to a growth
process and the ‘‘2’’ sign refers to an etching process. I
this model, particles are labeled based on the numbe
times that they have collided with the surface. For exam
an nth-order particle is a particle that has collidedn times
with the surface. If annth-order particle collides with the
surface, there is a probabilitysn of the particle sticking. If
e
d
m

he

of
,

the particle sticks, it will either deposit on the surface or e
the surface, depending on whether the process is depos
or etching. If the particle does not stick, then it will be r
emitted and go elsewhere. The flux ofnth-order particles at a
positionr on the surface isFn(r ,t) and can be found by the
equation15

Fn11~r ,t !5~12sn!E Z~r ,r 8,t !Fn~r 8,t !

3
~ n̂rr 8•n̂!P~ n̂r8r ,n̂8!

~r2r 8!21~h2h8!2 dA8, ~3!

wheren̂ is the unit normal, at positionr , pointing out of the
surface,n̂8 is the unit normal at positionr 8, n̂rr 8 is a unit
vector pointing fromr to r 8, andn̂r8r is a unit vector point-
ing from r 8 to r . HereP(n̂r8r , n̂8) is the probability per solid
angle that a reemitted particle will go off in the direction
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n̂rr 8 . Also, Z(r,r 8,t) is equal to 1 unless there is no line
sight between the surface elements atr andr 8 or (n̂rr 8•n) is
negative, in which caseZ is zero.

Equation~2! can be used to describe many transport li
ited growth-etching processes. For example, we have
cently proposed that plasma etch-front roughening co
sponds to first-order reemission:s0'0 and s151.15 The
case of shadowing corresponds to zeroth-order reemiss
s051 andsn'0 for n.0. In this case, Eq.~2! becomes

]h

]t
5n¹2h2k¹47s0F0~r ,t !A11~¹h!21h, ~4!

with

F0~r ,t !5E E J~u,f!•n̂~r !dV

5E
0

2pE
0

umax~f!

J~u,f!•n̂~r !~sinu!du df, ~5!

whereu is the local polar angle andf is the local azimuthal
angle. Also, J(u,f)5R(u,f)@sinu(ı̂ cosf1̂ sinf)
1k̂cosu#, whereR(u,f) is the distribution of the incoming
flux. We can see thatF0 contains information about th
shadowing effect of the surrounding surface features, as
as the nature of the incoming flux. Unlike Eq.~1!, our model
includes growth normal to the local surface. Solutions to
~2! are found by numerical integration.

III. DISCRETE MODEL OF SHADOWING

For the discrete model, the surface is again described
height function h(r ,t), where t refers to time andr
5(x,y). However, because the model we use is discretex,
y, and h can take on only integer values. Furthermore,
causeh is single valued, this model does not allow for th
possibility of overhangs. Finally, we again impose the pe
odic condition thath(x1N,y1N,t)5h(x,y,t) for a system
size ofN3N.

A position in thex-y plane is chosen at random. This
used as the initial in-plane position for a particle that w
etch or deposit on the surface. The initial height of the p
ticle is taken to be max(h)11. A direction for the particle is
then chosen, and the particle proceeds in this direction u
it hits the surface. The distribution of directions is given

dP

dV
5

cosu

p
. ~6!

Upon striking the surface, the particle sticks at the point
impact. However, if the particle hits the side of a column
slides straight down until it hits the surface again, as sho
in Fig. 2~a!. This is exactly what happens in the model
Roland and Guo.11 In this way, overhangs are prevente
Also, growth normal to the local surface is implicitly ac
counted for in this model. For etching, the simulation p
ceeds as for growth except that, when a particle hits a
umn, the height of the surface at the point of impact
decreased by 1. This is shown in Fig. 2~b!; an incident par-
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ticle ~1! impacts the surface and etches the surface at
point of impact~2!. All particles ~3! above the point of im-
pact move down one space.

IV. NUMERICAL CALCULATIONS
AND MONTE CARLO SIMULATIONS

For both the numerical calculations and Monte Ca
simulations, it is possible to extract quantitative informati
about the growth or etching process from the generated
faces. A useful quantity is the interface widthw, defined by

w25^@h~r ,t !2h̄~ t !#2&, ~7!

whereh̄(t) is the average height of the surface at timet and
^¯& denotes an average over the entire surface. We ass
that

w}tb, ~8!

whereb is called the growth exponent. We define the au
correlation function as

C~r !5^@h~r 81r !2h̄~ t !#@h~r 8!2h̄~ t !#&, ~9!

where r 5ur u. For r 50, C(r )5w2. Note that we have as
sumed that the surfaces are isotropic. From the autocorr
tion function, one can determine the correlation lengthj,
defined by

C~j!5w2/e. ~10!

We assume that

j}~ t2t0!1/z, ~11!

wherez is called the dynamic exponent andt0 is the cross-
over time. The height-height correlation functionH(r ) is
defined by

H~r !5^@h~r1r 8,t !2h~r 8,t !#2&, ~12!

FIG. 2. Illustration of the Monte Carlo simulations for~a!
growth and~b! etching.
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and we can get the roughness exponenta from the relation

H~r !}r 2a for r !j. ~13!

We can also analyze the power spectrum density, define

P~k,t !5U 1

2p E @h~r ,t !2h~ t !#eik•rdrU2

. ~14!

It is then useful to look at the locationk0 of the maximum in
the circular average of the power spectrum. From this,
can find the average column widthz52p/k0 . We assume
that the average column width behaves as

z}~ t2t0!p. ~15!

A. Shadowing growth

The numerical calculations of the continuum equat
were performed on a 1283128 lattice, and we setn and k
equal to zero. In Fig. 3 we show the surface morphology
the growth model at various times. The morphology cons
of tall columns, and the distance between neighboring c
umns ~of similar height! is large compared to the colum
size. To make this point more clear, we show, in Fig. 4
cross section of one of the surfaces. In Fig. 5~a!, we plot the
interface widthw versus timet. We see a clear linear depen
dence ofw on t, just as observed by Yao and Guo in the
(211)-dimensional numerical calculations.14 Due to the
small system size, we could not get reliable values for
dynamic exponent from the numerical calculations.

Because the Monte Carlo simulation is more efficient th
the numerical calculation, 102431024 simulations were run
The surface morphology, at various times, for the grow
simulation, is shown in Fig. 6. In Fig. 7 we show the cro
sections of the surface morphology for various growth tim
The cross-sectional morphology consists of columns
grow taller and wider with increasing growth time. This
the same type of morphology observed by Roland and G

FIG. 3. Surface images for the 1283128 numerical calculation
of shadowing growth at~a! t54, ~b! t510, ~c! t520, and~d! t
540. Light areas indicate highh, while dark areas indicate lowh.
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in their (111)-dimensional simulations.11 Note, however,
that this morphology differs from the morphology seen in t
continuum model; in the continuum model, the colum
were spread farther apart~compared to the column size! than
in the discrete model. The discrepancy is probably due to
fact that, in the discrete model, particles hitting the side o
column were allowed to slide down the column. In Fig. 5~b!,
the interface widthw is plotted as a function of growth time
t. There is a clear linear dependence of the interface width
time, which implies thatb51. In Fig. 8, we plot the corre-
lation length j and the column widthz as a function of
growth timet, respectively. The correlation length appears
have a linear dependence on time, but does not intercep
origin. Fitting the functionA(t2t0)1/z to the data gave 1/z
50.9360.1. The average column width shows similar tim
dependence, but it is much less clear whether this dep
dence is linear or not.

FIG. 4. Cross section of the surface of the 1283128 numerical
calculation att540. The surface appears to contain tall, wide
separated columns.

FIG. 5. ~a! Interface width vs time for the 1283128 numerical
calculation of shadowing growth. The clear linear dependence ow
on t implies thatb51. ~b! Interface width vs time for the 1024
31024 shadowing growth simulation. The clear linear depende
of w on t implies thatb51.



th
(

f
he
nd
ea
tio

s
al

r-
r

ra
g
e

t-

al
ace
ifi-
gth
nd

te
s

ular

the

.

had-

d

2122 PRB 62DROTAR, ZHAO, LU, AND WANG
The results that we obtain for the interface width are
same as the results obtained by Yao and Guo for the
11)-dimensional continuum model.14 The linear increase o
w is also seen in the columnar phase of t
(111)-dimensional discrete model of Yao, Roland, a
Guo.12 It seems clear that shadowing growth leads to a lin
dependence of the interface width on time, but the situa
for j and z is more complicated. Our values forz are less
reliable than our values forj, but if we assume that surface
at different times are statistically identical except for a sc
change, then the exponentp should be equal to 1/z. We
illustrate this point in Fig. 9 by showing the circularly ave
aged power spectra of the surfaces at different times,
sealed by a factor oft2b(t2t0)2/z vertically and by a factor
of (t2t0)21/z horizontally. The fact that the power spect
overlap indicates that, while the surface features get big
both vertically and horizontally, they do not otherwis
change very much. Yao and Guo found thatp50.3360.02
in 211 dimensions.14 This differs significantly from our
value of 1/z50.9360.1, but Yao and Guo did not take la

FIG. 6. Surface images for the 102431024 Monte Carlo simu-
lation of shadowing growth at~a! t523108 particles, ~b! t54
3108 particles,~c! t51.23109 particles, and~d! t523109 par-
ticles. Light areas indicate highh, while dark areas indicate lowh.

FIG. 7. Cross sections of the surface of the 102431024 shad-
owing growth simulation for various growth times:t54.03108,
t58.03108, t51.23109, t51.63109, and t52.03109. The sur-
faces appear to consist of tall columns.
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eral growth into account in their calculations. While later
growth does not seem to affect the behavior of the interf
width, it is reasonable to suspect that it would have a sign
cant influence on the behavior of both the correlation len
and the average column width. Yao, Roland, and Guo fou
that p50.7 in 111 dimensions and thatp51 in 111 di-
mensions with a lateral growth term.12

Our (211)-dimensional Monte Carlo results are qui
different from the (111)-dimensional Monte Carlo result
of Roland and Guo, in which they found thatp ranges be-
tween 0.55 and 0.58, depending on the width of the ang
distribution of the incoming flux~the maximum angle of the
flux umax was varied from 30° to 70°!.11 This supports the

FIG. 8. ~a! Plot of correlation lengthj vs time for the 1024
31024 shadowing growth simulation. The solid line indicates
best fit of the functionA(t2t0)1/z, which givesA52.4531028,
t0524.253108, and 1/z50.9360.1. ~b! Plot of average column
width z vs time for the 102431024 shadowing growth simulation

FIG. 9. Rescaled circular averaged power spectra for the s
owing growth simulation fort54.03108, t58.03108, t51.2
3109, t51.63109, andt52.03109. The inset shows the unscale
data.
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view that the scaling properties are not sensitive to the
gular distribution of the incoming flux. In our simulation
we did not limit the angular distribution of the incoming flu
~corresponding toumax590°!. Our value for 1/z (50.93
60.1) is larger than the value ofp ~between 0.55 and 0.58!
obtained by Roland and Guo. The discrepancy could be
to the difference in dimensionality~211 dimensions instead
of 111 dimensions!, or it could be due to the presence
other factors, such as surface diffusion or condensation
evaporation, in the simulations of Roland and Guo.

Our results for shadowing growth agree quite well w
the experimental results of Bellac, Niklasson, a
Granqvist.4 However, in their experiment, the deposition w
at an oblique angle, while in our simulations, the flux ca
from all directions. The growth exponents found by Le
Cahill, and Greene, while significantly lower than the grow
exponent found in our simulations, are significantly larg
than 1/2.3 This means that there must be a roughen
mechanism present besides noise. Smoothing effects, su
surface diffusion, could only lower the exponent, but sh
owing gives a growth exponent much greater than 1
Hence shadowing combined with a smoothing mechan
could result in a growth exponent greater than 1/2, but l
than 1.

The growth exponents found by Youet al.1 and Wang
et al.2 differ greatly from our value, but, again, smoothin
effects could be present. Also, other factors, such as the
gular spread of the flux, will affect the exponents. The e
periment of Eisenmenger-Sittneret al.5 and the experimen
of Karr et al.6 give the smallest exponents. In those expe
ments, however, surface diffusion is probably the domin
mechanism.

It is clear that a large discrepancy exists between the s
ter deposition experiments and our model. However,
most cases, other processes, such as surface diffusion
also present. This can lead to a substantial lowering of
observed exponents, thus explaining the discrepancy.
might be tempted to assert that the shadowing effect sh
always win out over linear effects such as surface diffusi
While this might be true, the crossover time from diffusive
shadowing behavior can, for sufficiently high surface diff
sion, be large enough to prevent shadowing behavior fr
being observed. Further, it is far from clear how other p
cesses interact with a shadowing term. Another possibilit
that, in some of the experiments, the film might be polycr
talline. For polycrystalline films, the grain formation proce
will affect the growth. For such a case, it is reasonable
expect that the scaling exponents would differ from the v
ues predicted by a pure shadowing model.

B. Shadowing etching

The basic idea of the shadowing effect in sputter
growth is that the crest of the surface will receive more
posited atoms than the valley of the surface because th
ceiving solid angle at the crest is larger than that in the v
ley. Therefore the growth rate at the peak is faster than at
valley, which causes the growth instability. However, if o
applies this model to an etching process, suggesting
peaks have a faster etching rate than valleys, one would
n-
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pect stable growth with a growth exponentb,0.5. That is,
shadowing is a smoothing mechanism for the case of e
ing.

For the numerical calculations of etching, a 1283128 lat-
tice was again used. The morphology for the numerical c
culation is shown in Fig. 10. We can see that the surf
changes very little over the range of times covered in
calculation. In Fig. 11~a!, we plot the interface widthw ver-
sus timet in semilogarithmic scale. From the plot, we ca
see thatw increases initially because of the noise, but eve
tually flattens out. This implies thatb50.

The surface morphology for the Monte Carlo etchi
simulation is shown in Fig. 12. The morphology, in this ca

FIG. 10. Surface images for the 1283128 numerical calculation
of shadowing etching at~a! t54, ~b! t510, ~c! t520, and~d! t
540. Light areas indicate highh, while dark areas indicate lowh.

FIG. 11. ~a! Semilogarithmic plot of interface width vs time fo
the 1283128 numerical calculation of shadowing etching. The fa
that w saturates, for later times, indicates thatb50. ~b! Semiloga-
rithmic plot of interface width vs time for the 102431024 shadow-
ing etching simulation. The linear dependence ofw on t, for later
times, indicates thatb50.
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is rather unremarkable. For the etching process, the o
roughening mechanism present is noise. Initially, the in
face roughens due to the noise. However, the shadowing
fect eventually becomes important, and the surface chan
very little after that point. In Fig. 11~b!, we plot, in semiloga-
rithmic scale, the interface width versus time. After the i
tial noise regime, the interface width increases only sligh
and we see a linear dependence ofw on log(t). This implies
that b50. In Fig. 13, we plot, in semilogarithmic scale, th
height-height correlation functions for different times. The
are two interesting features of this plot. First,H(r ) is linear
in log(r) for r !j. This implies thata50. Second, all later
height-height correlation functions (t>2.03108) almost
overlap the last one shown. This confirms the fact thab
50 and also indicates that 1/z50. These exponents have n
been observed experimentally. However, in cases wh
shadowing etching might be present, such as plasma etc
the first order term in Eq.~2! can also play an importan
role.15

It is a common belief that etching is the reverse proces
growth. One can define an etching exponentbe instead of the
growth exponentbg if the same mechanism works for bo
the etching and growth processes. Recently, we have
cussed that all the well-known local growth-etching mod
give be5bg , while for nonlocal growth-etching models
beÞbg .15 Our simulations have shown that for the shado
ing effect, growth givesbg51, while etching givesbe50.
This is consistent with the nonlocal nature of the shadow
model.

FIG. 12. Surface images for the 102431024 Monte Carlo simu-
lation of shadowing etching at~a! t513108 particles, ~b! t52
3108 particles,~c! t563108 particles, and~d! t513109 particles.
Light areas indicate highh, while dark areas indicate lowh.
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V. CONCLUSION

We have presented the results of (211)-dimensional nu-
merical calculations and Monte Carlo simulations of sha
owing growth and etching. The numerical calculations a
Monte Carlo simulations of etching produce rough surfa
that roughen with a growth exponent close to zero. Both
Monte Carlo growth simulations and the numerical grow
calculations produce surfaces that consist of tall columns
roughen with an exponent of unity, in agreement with
11)-dimensional Monte Carlo simulations of shadowi
growth and (111)- and (211)-dimensional numerical so
lutions of continuum shadowing models. The surface f
tures coarsen laterally with an exponent close to unity,
contrast to other studies of shadowing growth that predic
smaller exponent. However, differences in dimensionality
other more subtle differences in models such as the inclu
of lateral growth in our model, can account for this discre
ancy. The shadowing growth results do not appear to ag
with recent sputter deposition experiments. This is proba
due to the presence of other factors besides shadowing in
experiments. It is also possible that, in some of the exp
ments, the shadowing effect is weakened. Thus it is clear
sputter deposition is not completely described by the sh
owing effect. A more complete understanding of the role
shadowing in sputter deposition could be accomplished
varying the deposition parameters in order to find the con
tions under which shadowing becomes dominant.
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etching simulation fort55.03107, t51.03108, and t51.53108.
For later times, the height-height correlation functions overlap
t51.53108 height-height correlation function.
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