PHYSICAL REVIEW B VOLUME 58, NUMBER 20 15 NOVEMBER 1998-II

Anisotropy in growth-front roughening
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We consider a linear anisotropic growth equation that includes two anisotropic physical processes,
evaporation/condensation and surface diffusion, to describe the roughening of the growth fronts generated by
noises. By solving this equation analytically, we show that there are two different types of growth-front
anisotropy: correlation length anisotropy and scaling anisotropy. A scaling anisotropy can generate different
values of roughness exponent in different surface directions. It is shown that a competition of the two growth
processes can lead to a rotation of the direction of anisotropy. We also consider the effect of growth-front
roughening due to the anisotropy in surface diffusion baf@ahwoebel barrigrto show that the surface can
form ripple structures over time. These results are used to explain recent experimental results on growth-front
anisotropy[S0163-182808)04544-5

[. INTRODUCTION ists in heteroepitaxial films such as Ge/Si systéRecent
study of InAl,_,As grown on InPO01) showed that the
Many surfaces in nature evolve under processes that adtirection of the surface anisotropy could even rotate during
and/or remove materials, such as thin-film growth processhe growth'® Furthermore, anisotropy appeared in the
etching process, erosion, fracture, etc. These processes ugliowth of materials on stepped or vicinal surfaces. For ex-
ally generate rough surfaces that can be described in terms 8fple, it was observed that for Si grown on a vicinlL80)
either self-affine fractal scaling, as a result of noise, orSubstrate with a 4° miscut, the surface morphology showed a
“mounds” formation due to the existence of surface diffu- strong shape anisotropy along the initigll10] step
sion barrierd:2 These rough surfaces exhibit fluctuations in direction*®
height normal to the surface. The fluctuations in height can So far, theoretical description of the anisotropic growth
be characterized in terms of the height-height correlatioPhenomena has focused on nonlinear growth models. These
function H(r)=([h(r)—h(0)]%). Hereh(r) is the surface include ,an anisotropic ~ Kardar-Parisi-ZhangKPZ)
height at positionr(=(x,y)) on the surface. The notation equat!oﬁ L and an anisotropic Kuramoto-Sivashinsks)
(---y means an average over all possible choices of the origir?quat'or‘z' One of the goals was to describe the growth on a

and an ensemble average over all possible surface config§¥9pped or a vicinal substrate. These pion.eering W°”‘$ pre-
rations. Usually if an isotropic surface is assumed, by Whicr‘{rICt growth front morphology anisofropy, including aniso-

: : . . opic scaling. Quantitative predictions of these theories will
the height-height correlation depends only on the magnitud ) . . . .
of 1, then H(r)=r2e for r<¢, andH(r)=const forrs £, Be discussed later in this paper. Those nonlinear equations

) : N ) contain a term describing a growth direction normal to the
Here £ is the correlation length, within which the surface | ..\ <\ iface. which may not exist for some growth tech-
heights of any two points are correla}ed, and the rough- nigues such as molecular-beam epitaxy. Experimental work
ness exponent. The value af which lies between zero and

one, describes how wiggly the surface is. The smallerthe showed that, even when the growth started from a nominally

. . . flat substrate, anisotropic growth fronts could still be
the more wiggly the surface. The isotropic growth mOdE|Sf0rmed9—13,16 pic- 9

fall into several universality classes with different values of An important origin for the morphology anisotropy is due

8
roughness egponeh} i ¢ tbe i to the surface transport anisotropy. Several dynamic pro-

IOWEVET, In practice, Sometimes surtaces may Not De IS0z ggag may be involved. The most important processes that
tropic. Recent scanning tunneling microscqi@TM) study

. 2 affect the morphology are surface tension, surface diffusion,
showed that the surface morphologies of homoepitaxia P %y

GaAs films on nominally flat GaAB01) surfaces are highly Step barrieSchwoebel barrigy and stress or strain on the

. . . . . surface. During thin-film growth, processes such as surface
anisotropic, with elongated multilayered features deve'Op'nQension and surface diffusion tend to smooth the surface. For

parallel to[ 110].9~**The anisotropy depends on the growth 5 vicinal surface, the surface tension depends on
rate and substrate temperattifé? The height-height corre- grientation?? An anisotropic surface diffusion was also ob-
lation functions along _different ~ directions are quite served in the $100) substrate. The diffusion along the sur-
different® Similar morphologies have also been observed inface dimer rows is 1000 times faster than the diffusion across
metal-organic molecular-beam epitaty OMBE) of INnP on  the dimer row£3-2°Recent calculations on the step diffusion

a nominally flat INR100) substraté® The surface has a pat- parrier of this surface also showed an anisotrébgurface
tern with elongated structures along fttel1] direction, and  strain or stress due to lattice mismatch or defects can induce
the surface anisotropy increases with time under the samsurface diffusion; therefore, the anisotropic properties of sur-
growth condition. Anisotropic surface morphology also ex-face stress or strain can cause surface anisofropy.
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In general, a substrate anisotropy does not always lead tohere y is the surface tensiorR; andR, are the principal
anisotropic growth unless it induces an anisotropic atomigadii of surface curvaturen; andn, are the projections of
transport. As an example, we consider the isotropiahe variable unit vecton, on whichy depends, onto a plane
Edwards-Wilkinson(EW) growth? starting with anisotropic tangent to the surface at the points in question. The sub-
substrate morphology as the initial condition, scripts 1 and 2 denote two perpendicular directions on the
sh surface. If we assume that the two principal radii are parallel

_ w2 to the x andy axes, then for a slightly perturbed smooth
ot = vV, @ surface, one)(]é% P

where v is the surface tension, angl(r,t) is the Gaussian oh
white noise. The solution for the power spectrum, which is T
defined as the Fourier transform of the surface autocovari-

ance function(h(r)h(0)), is'"?® wherey,= y+ d?ylon?, i=1,2.

The effect of surface diffusion can be writtentas

*h *h
=B 71(974'72@2. 5
cond

1_e—2vq2t ,
P(q,t)=2D ————+Po(q)e 2", 2
& =—V.j(r,0), (6)
where Py(q) is the power spectrum of the anisotropic sub- diff
strate, that is, from the initial surface morphology, whichwhere the current densiy= (jx.jy.i,=0) is the surface dif-

may be anisotropic. As timeé increases, the effect of the fusjon flux. According to irreversible thermodynamics,
substrate anisotropy becomes less important.tFerw the

surface becomes isotropic because the contribution of the j(r,)=D-Vu(r,t). (7
second term diminishes. Therefore, if there is no surface R

transport anisotropy the growth front started on an anisotereD is the diffusion tensor,

tropic substrate will eventually become isotropic after a long

at

time. Dux Dyxy O
In this paper we shall discuss a linear anisotropic growth D= Dyx Dy, O
model based on two common processes: evaporation/ 0 0 0

condensatioriwhich gives rise to the surface tension térm

and surface diffusion. We show that if only one of the physi-From Egs.(3), (6), and(7), for a slightly perturbed smooth

cal processes is present in the growth equation the surfagirface, one has

morphology can .eXthIt only a corr.elatlon. length anisotropy, sh 2h

not a scaling anisotropy. The scaling anisotropy exists only | =—yD, —1—v,D

when both processes take effect. The competition of these — dt] . X ox* i

two effects sometimes may result in a rotation of the direc-

tion of anisotropy during growth. We also consider a similar

linear growth model describing an anisotropic surface mor-

phology as a result of an anisotropic step diffusion barrier on ) ) )

the surface. —(Dy+Dyy) J QJF ﬂ ®)
X ) 9xay Y1 X2 Y2 ﬁyz .

*h *h

X —g— + ——
(9)/4 (72D xx '}’lDyy) ayZaXZ

Il. LINEAR ANISOTROPIC SURFACE GROWTH MODEL For a simple case, lettinD,,= D, =0, one has
’ Xy yX )

We first consider a noise-induced linear anisotropic

4 4
growth model. We consider two main physical effects that @ =— y,Dyy &_2_ ¥,D (9_2
can affect the surface morphology during growth: | it 28 Y
condensation/evaporation and surface diffusion. For an
condensation/evaporation the surface growth rate is propor- — (72Dt 71Dy J _ (9)
tional to the difference between the local surface chemical 2T LI gy2 X

otential w(r,t) and the chemical potential of the vapor, . L
p_. 29 w(r P P Combining Eqgs(5) and(9), and also considering the fluc-
' tuation of the flux of the arriving atoms during a deposition,

oh we obtain a general growth equation as

ot

=B[u(r,t)— ], 3
cond dh *h 9°h *h

—=v +v — K17
whereB is a rate constant that depends on the equilibrium gt tax® T 2oy Tlgxt
temperature, average vapor pressure, molecular weight, and 7N 4

molecular volume of the vapéP. According to Herring this Ky 5a Ky 3 (1), (10)
chemical potential difference between a vapor and a thin film y X“oy
can be expressedsgs Whel’e Vvi= B’yl , | = 1,2, K1= ')’]_Dxxy Ky= 72Dyy; and K3
2 2 = y,Dyxt y1Dyy. From now on we shall refer to the as
1 v 1 Iy ” AT p e
Ap=—| y+ —5|+=| y+ —5|, (4)  the “surface tension,” and the; as “surface diffusion.
Ry i/ R an; 7(r,t) is the Gaussian white noise, satisfying




PRB 58 ANISOTROPY IN GROWTH-FRONT ROUGHENING 13911

(n(r,1))=0, Equation (10) can be solved using a Fourier transform
method!"?832The solution for the power spectrum at tihe

(m(ri,t) m(rp,t))=2D8(r;—ry)8(t;—tp). (1) 1S

1—exd —2(v,q;+ V2Q§+ K10+ qus"' K3Q>2<Q§)t]

P(q,t)=4D
V105t 7/2CI§+ K10+ Koy + K3Q>2<Q§

(12

In the following, we consider three possible combinations of 1—exfd — 2(k1qs+ K2q§+ K3Q>2<Q§)t]
anisotropic surface tension and anisotropic surface diffusion P(q,t)=4D 7 7 > .
in Eq. (12) K10y T K20y + K305y

in EQ. . (15

A. Surface tension only: x;=0,»;#0 L va q 4 Eq. (15 b

et Q,=0q,t™", an =q,t™% Eq. ecomes
If the surface diffusion can be negligible, E(L2) be- Q= Qy=dy a- (19
comes an anisotropic Edwards-Wilkinson equation with the

power spectrum o
T T T

,,,,, (a)

o ‘\‘\ -

1—exd —2(v10%+ v,0)t]
VGt vody '

Let Qx=0a,t"2 andQ,=q,t*% Eq. (13) becomes

1—exf — 2(»1Q%+ 1,Q))]
v1Q5+ v2Qy '

Figure 1 plots the cross sections of the scaled power spectra
P(Q)/t in both theQ, andQ, directions and the contours of
the scaled power spectra foy=1.0, v,=0.1. For largeq
values the cross sections of the power spectra in botQthe 10 .
andQ, directions obey the same power law with the value of 107 10" 10° 10’ 10°
the power equal te-2. This demonstrates that the roughness O (arb. units)

exponenta=0 through the relationship betwees and
slope: slope —d—2a, whered is the dimension of the em-
bedded space. Therefore is not directionally dependent.
However, the flat shoulder extends to differéntvalues in
the Q, andQ, directions. The curve in th®, direction has
its shoulder extend t§10 times further irQ values than that
of the curve in theQ, direction. This difference shows that ‘
the lateral scaleg in these two directions are different; i.e., Apo
&= \/1—0§y. The lateral correlation lengths in theandy
directions equal/2v4t and y2v,t, respectively; their ratio is
Vri/v,. In fact if we do a linear tramsformation/.vz/vlqy
—0y, \/qxz~|— q{lzﬂq,; then Eq.(13) becomes isotropic,

12
p(qr )ap A 2na (14) 4l
v1q
Therefore, except for the existence of an anisotropy in the
lateral correlation length, the anisotropic EW equation has )
similar dynamic properties compared to that of the isotropic "8 4
EW equation, e.g.8=0, a=0, andz=2 (see Table)l

P(qg,t)=4D

13

107 " 3

P(Q,t)/t=4D (13)

107k

-4 M| L il el

Scaled Power Spectrum P/t (arb. units)

(b)

0, (arb. units)

Q. (arb. units)

B. Surface diffusion only: «;#0,»;~0 FIG. 1. (a) Log-log plots of the scaled power spectrum along the

If the surface tension contribution is negligible then Eq. Qx (Solid curve andQy (dashed curvedirections forv,=1.0, v,
(12) becomes an anisotropic Mullins-diffusion equation. The=0-1: k1=0.0, x,=0.0, andx3=0.0; (b) contour plots of the
corresponding power spectrum is scaled power specrum.
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TABLE I. Summary of the surface properties of different anisotropic growth models.

Anisotropic
Models Conditions Scaling Properties Surface Properties Ref.
V1F vy, Ki=Ky=k3=0 B=0,a=0,z=2 Correlation length
anisotropy
Linear V1=v,=0, K17 Ko F K3 B=0.25,a=1,z=4  Correlation length Present
model anisotropy work
1170, v1,=0, k1= k3=0, B=0.125,a,=0.25, Scaling anisotropy
K70 ay=0.5,2,=2z,=4
V17 Vy, K17 Ko7 K3 0<B<0.25,a,#a, Scaling anisotropy
£ .
—<0 Ripple structures
Linear modef2 Present
for step b'as,,l Elliptical mounds ~ WOk
—>0,V1<0
V2
A . .
o= 0 z,#2, Scaling anisotropy
2
Kardar A 2,=2,=2-«a Correlation length 18
- —#0 anisotro
Parisi- A2 by
Zhang N z,=2,=2—a, Correlation length 19
model )\—27&0 B=0.21,0=0.43 anisotropy
N a,=0.25,a,=0.75 Scaling anisotropy 20
—<
o 0
Vy )\2 ..
—>0,—>0 Elliptical mounds
V )\l
Kuramoto- Ripple structure
Sivashinsky—<0,—~>0 21
model i M
Ao Ripple structure
—<0
A
1—exd — 2(k,Qi+ K2Q§+ KsQiQi)] Ais more obvious than that in caBgas seen from the larger
P(Q,t)/t=4D yi 7 5 difference in the shoulder separation in cése
Kle+ K2Qy+ K3Qny p
15
(%) C. General case: k;#0,»;#0
The cross sections of the scaled power spde(i@)/t in the One very interesting case involves the possibility that dif-

Qx andQ, directions shown in Fig. 2 have a behavior similar ferent physical processes dominate in different directions.
to that of caseé\ shown in Fig. 1, except that the value of the For example, we consider what happens if the surface ten-
power is —4, which leads to the same roughness exponension dominates in the direction (v;> k) while the surface
a=1 in the Q, andQ, directions. The shoulders extend to diffusion dominates in thg direction (v,<«,). In this case
different values ofQ due to the anisotropic diffusions in the the scaling form$Egs.(13') and(15')] do not exist. Figure
x andy directions, which results in different values &fin 3 plots cross sections of the power spectra in bothgthend
the x andy directions. One can also perform a linear trans-q, directions, and the contours of the power spectrawfor
formation by using{/k,/x;0y—0;, Vai+a,>—q’ in Eq. =10, 1,=0.1, k;=0.0, k,=4.0, andx3=40 at different
(15 to make the power spectrum isotropic. Therefore, thegrowth times[Note that in Fig. 8a) all the tails overlap for
dynamic behavior of the anisotropic Mullins diffusion equa- eachq, andg, direction] There are two notable features in
tion is similar to that of the isotropic Mullins-diffusion equa- Fig. 3. The power spectra along tlgg and g, directions
tion, which givesB=0.25,a=1, andz=4 (see Table). scale totally differently at largq, which gives different val-
Note that for either cas@ or caseB the power-law be- ues ofa. The anisotropy in the lateral correlation length still
havior in the largeq region is the same for both, andqg,  exists since the extension of the flat shoulders inghend
directions; i.e., the scaling is isotropic. However, the lateralqy directions are different. Initially the flat shoulder in the
correlation length scalé is anisotropic. For equal values of direction is longer than the shoulder in tlgg direction.
v, /vy in caseA and k,/ k4 in caseB the anisotropy in case However, with the increase of growth timi¢he extension of
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10* l . 3 transition time is very short. The surface morphology still
() ] has the scaling anisotropy, but the anisotropy does not rotate
] within the time scale considered.

The dynamic properties in this case would also change
because different growth mechanisms govern the growth in

10—';— different directions. Let us consider a very special case
F \ ] wherev,;#0, v,=0, k;=0, k,#0, andk3=0; Eq.(10) be-
o ] comes

dh 4°h I*h

Scaled Power Spectrum P/7 (arb. units)

10-35_ —‘ E=V1 v Ky U,'—y4+7](l’,t). (16)
10-4' e . Equation(16) states that the surface growth process is gov-
10° 10" 10° 10 erned by surface tension in thedirection and by surface
Q (arb. units) diffusion in they direction. Use the scaling approach,
t—t’' =bt,
3.0
h—h’=DbPh,
15+ 4 x—x' = b2,
2 y—y'=b"y, (17
<
5 - -
s 00 Eq. (16) becomes
<
QT h 1-2/z r72h 1-4/z (94h
ASE — E—Vlb &Xz bi y&_y4
+ b(1/2)—ﬁ—(1/22x)—(1/22y)n(r’t)_ (18)
'3‘93'0 15 00 15 30 Therefore, we obtaing=1/8, z,=2, z,=4, and a,= Bz,

=1/4, ay=Bz,= . Note that the directionally dependedt
values are quite different from those of both the EW model
and the Mullins-diffusion mode(see Table)l

In Fig. 4 we plot the interface widtlwv as a function of
growth timet through a numerical integration of E(.2) for
specific cases of the three conditions discussed abowg:
:10, V2:0.1, K1=0.O, K2:4.0, K3:40; V1:4.0, Vo
) ) ] =0.1, k&4=0.0, k,=1.0, k3=40; andv;=1.0, v,=0, «;
the flat shoulders in the, andq, directions becomes closer =0, k,=4.0, k3=0. The values of the growth exponest
and closer. Then at a certain time<(10) the flat shoulderin  nder these three conditions are about 0.20, 0.19, and 0.13,
the g, direction becomes shorter than that of thedirection respectively. Thesgs values lie between @isotropic EW
and we can see that the anisotropy of power spectra contou,rﬁodeb and 0.25(isotropic Mullins-diffusion model Here
rotates 90°. o o ) _ we should emphasize that for each condition there is only

Itis clear that in this case thedirection growth is domi- e g value for the growth even though the surface is aniso-
nated by the surface tension term and therefore the Iaterﬂlopic_ However, the dynamic exponent /g is direction-
correlation lengtht, changes ag,=(2wt)"2 Theydirec- gy dependent for the anisotropic scaling case.
tion grovl\gh is_governed by the surface diffusion aggl It is clear from the slopes in the tails of the power spectra
=(2x,t)™" ~ The anisotropic ratio is x=&/&  that the anisotropic scaling surface can be formed only when
=(2v5/ k) YY", Initially for t<1, the ratioy<1. Attime  two (or more different anisotropic physical mechanisms
te=ko/2v4, x=1. For a longer time>k,/2v3, x>1, the  (e.g., here condensation/evaporation and surface diffusion
anisotropy rotates. This behavior can be used to explaiare involved in the smoothing of the growth front. In differ-
qualitatively the rotation of anisotropy inJAl;_,As growth  ent directions, different mechanisms would dominate. Using
on InR00Y) observed by Sinret al'® For longer times, the the argument of dynamic scaling, the lateral correlation
anisotropic ratio increases as a power law of tingert*, length scales differently in different directions with timg,
and the surface becomes more and more anisotropic. Undett?, and the height-height correlation function scales differ-
the condition 0f:<2<2u§,tc< 1, one may not be able to ob- ently in different directions with different roughness expo-
serve the anisotropy rotation during the growth because theents.

Q. (arb. units)

FIG. 2. (a) Log-log plots of scaled power spectrum along @
(solid curvg and Q, (dashed curvedirections for »;=0.0, v,
=0.0, k4=1.0, k,=0.1, andx3=1.1; (b) contour plots of the
scaled power spectrum.
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Power Spectrum P (arb. units)

(a) g (arb. units)

t=0.1

~~
&
El
S
&
o
“ -1 0 1 2
g, (arb. units)
t=10
10 T T T
0S5 F .
—~
2
§ 00| .
£
8
@;\
0.5+ N
-10 P :
-1.0 -0.5 0.0 0.5 1.0
q_ (arb. units)
t=40
T ¥ T Al 1 T
04 .
L
02 F 1
~~
) L
g
= 0.0k -
o
&g
.02} .
04 :
1 1 2 1 " 1 1
-0.4 0.2 0.0 0.2 0.4
(b) q, (arb. units)

FIG. 3. (&) Log-log plots of power spectra along tg andq,
directions forv,=1.0, v,=0.1, k;=0.0, k,=4.0, andk3;=40 at
different growth timest=0.1, 10, and 40(b) contour plots of the
power spectra at different growth times.

10 Ty T T T T

Interface Width w (arb. units)

Time ¢ (arb. units)

FIG. 4. Interface widthw as a function of growth time for A:
v1=1.0, v,=0, x¥;,=0, k,=4.0, and k3=0. B: »;=1.0, v,
:Ol, K1=0.0, K2:4.0, andK3:40. C: V1:4.0, szo.l, Kq
=0.0, k,=1.0, andx3=40.

lll. STEP BARRIER ANISOTROPY

In the presence of a Schwoebel barrier, the step barriers
prevent adatoms from hopping down the step edge, which
generates an uphill diffusion currefit®® In this case the
surface consists of regular mound structures. After an initial
transient the slope of the mounds remains essentially con-
stant, giving a slope selectidh. This isotropic growth
mechanism can be described by a nonlinear Langevin equa-
tion proposed by Johnsecet al, 3

&h(r,t)_ v
g UV 1 (vn?

where bothy and « are positive. The first term on the right-
hand side represents the uphill growth due to the Schwoebel
barrier effect, and the second term is due to the surface dif-
fusion. The up/down symmetry is still preserved for this
equation although it is nonlinear. An example of the isotro-
pic step barrier induced coarsening was the growth of
Cu/Cu100).%° However, in GaAs/GaA400 growth, an an-
isotropy in the morphology was observéd? Considering

an anisotropic growth, Eq19) can be written as

«kV*h+p(r,t), (19

gh(r.t) d  dhlox . #*h d*h d*h

gt Tlax 1+ (ahlax)2 P2 gy KL gxET K2 py8
*h

— K3 W+ 7(r,t). (20)

Here v, and v, have different meanings. The represents
the uphill growth due to the Schwoebel barrier effect, but the
v, represents the surface tension. Equa(R) demonstrates
that the growth in the direction is governed by step barriers
while in the y direction the growth is dominated by
condensation/evaporation. Equati@®) can be linearized as

dh 9%h . 8°h J*h d*h d*h
ot Vi P2 ay2 K1 5yd™ K2 ay* K3 x2 ay2
+7(r,t). (21)

Equation(21) is similar to Eq.(12), except that there is a
negative sign before,. This negative term would cause an
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unstable growth in the direction, and would dominate the ' '
surface growth in long time since the growth in theirec- 107
tion is stable. Figure 5 plots the cross sections of the power
spectra in both the, andg, directions, and the contours of
the power spectra forv;=-1.0, v,=0.1, x;=1.0, k,
=0.1, andk3z=1.1 at different growth times. Initially the
power spectrum is anisotropic without a maximum petk (
=0.1). But for later times a peak gradually forms in tpge
direction and becomes more and more pronounced (
=1.0). This is evidence of the wavelength selection. After a
certain growth time t>>10), this peak in they, direction
dominates the power spectrum, and the surface begins to
form a ripple structure. After a long time the surface forms
one-dimensional periodic stripes. Such a ripple structure was 3.0
observed in systems having Schwoebel diffusion barriers that
we believe to possess anisotropy. One such example is the
growth of GaAs’ 12 st
If two orthogonal directions have different barrier heights,

Power Spectrum P (arb. units)

—
Q0
~

=01

Eq. (20) can be written as fg
0.0F
ah(r,t) a  dhlax a  dhlay £
gt "Yax 1+ (ahiox)? "2 oy 1+ (ahlay)? %
d*h J*h d*h . (22
KL Gxa ™ K2 G~ K3 g2 n(r,t). (22 .

. . .. -3.0 -1.5 0.0 1.5 3.0
This equation would produce an elliptical mound structure. A
q, (arb. units)

IV. DISCUSSIONS 1=10

From the above discussion we see that a noise induced
surface morphology can be described by at least two differ-
ent anisotropies: correlation length anisotropy and scaling
anisotropy. In the correlation length anisotropy the linear dy-
namic growth equation can be made isotropic by a linear
transformation. In this case, the formation of the lateral an-
isotropic surface can be simply achieved by stretching an
isotropic surface in certain directions, affecting different lat-
eral correlation lengths. The scaling properties of the surface
would remain the same in all directions. From the point of
view of dynamic growth, such a kind of surface is the result
of only one dominant anisotropic surface process during ‘

¢ (arb. units)
growth. x

In the case of anisotropic scaling the roughness exponent 1.0 s ’=I10 —
« is directional dependent, with or without a correlation
length anisotropy. In this case the surface is formed by at
least two surface processes, of which at least one is aniso-
tropic. The overall interface width of the surface scales with
the growth time ag”, which means that the values of dy-
namic exponent in different directions are different. This
may lead to a rotation of the anisotropy, which has been
observed experimentally.

The step barrier anisotropy can also generate an aniso-
tropic surface. In this case, initially the surface is a random
rough surface with or without anisotropy. But with an in-
crease of the growth time, the surface can form ripple struc- T s T o8 10
tures, and eventually would form periodic stripes. We have
shown that these features can be obtained from a simple
linearized growth equation including the effect of a step bar- g, 5. (g Log-log plots of power spectra along thg and ay
rier anisotropy. directions forv;=—1.0,1,=0.1, k;=1.0, k,=0.1, andxz=1.1 at

Quantitative predictions of the scaling properties andgitferent growth timest=0.1, 1.0, and 10¢b) contour plots of the
growth exponents for the linear growth models are summapower spectra at different growth times.

4, (arb. uniis)

T15 <10 05 00 05 10 15

g, (arb. units)

(b) g, (arb. units)
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rized in Table I. For a comparison, we also list in the samegh 4°h 3%h bp N1 [N 2 N, [oh\?
table the results predicted by existing nonlinear theories. Theyr =~ V1 72~ V2 5oz~ k(V9)h+ = (a_x to 7y

highlights of these theories are in the following.
An anisotropic KPZ equatid#® can be written as + 75(r 1), (24)

where »;>0\,;>0. They found that if A,/
>min(0,v,/v,), the nonlinearities stabilized the linear insta-
oh #*h #h N (ah)z A <0h 2 bility, leading to a state of bounded spatiotemperal chaos. If

— v, =+
gt a2 iy T

oX

—= t5 7y +7(r,t). v,/v1<0 and\,/\;>0, the growth front initially domi-
(23) nates by ripples running parallel to tlyeaxis, but evolves

into an anisotropic cellular chaotic state for long time, and
the ripples pinch off. If\,/A;<min(0w,/v,), the growth

. . . . front is dominated by domains of connected ripples. The
As discussed by Wolf, the surface anisotropy is characterize omain size and the ripple amplitude increase as power laws

by two correlation lengthg, and §,, which have the rela- ¢ i 02!

tionship £,=£j, where x is an anisotropic exponefit. Experimentally, although a large body of work has shown
Through a renormalization argument, he also demonstrateghe existence of roughness anisotropy in growth fronts, very
that in the case\;/\,#0, x=1, andz+a=2, wherez |Jittle quantitative measurement has been reported on the
=alB is a dynamic exponent; ik;/XA,=0, theny#1 and growth parameters listed in Table I. Therefore, at this time, it
z=2x=2-a. Barabai, Araujo, and Stanley showed nu- is difficult to assess the validity of these models for different
merically thata=0.433=0.211° However, based on a re- experimental systems. It is hope that our work will stimulate
stricted solid-on-solidRSOS model, Jeong, Kahng, and more experimental work in the study of anisotropic growth
Kim showed that wher\;>0 and \,<0, the anisotropic fronts.
KPZ equation gives directionally dependent roughness expo-
nents,a,=0.25 anda,=0.75 in two orthogonal directiorfS. ACKNOWLEDGMENTS
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