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Anisotropic Coarsening of Periodic Grooves: Time-Resolved X-Ray Scattering
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Coarsening dynamics of mesoscopic periodic grooves (500–1500 Å) is characterized, as they s
assemble on a miscut Si(113) surface, following a temperature quench through a faceting transforma
Use of an area detector in glancing angle reflection geometry allowed for simultaneous measurem
of highly anisotropic length scales. Over more than two decades of time, the length of t
grooves grows as the third power of the width of the grooves. This result constitutes a dire
confirmation of a recently proposed theory and the observation of anisotropic dynamic scaling behav
[S0031-9007(97)05003-5]
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Faceting refers to the phase transformation at which
initially uniform surface decomposes into coexisting d
mains of different orientation [1]. Studies of faceting
date have established its close analogy to the phase se
tion of a binary mixture [2]. Generally, following a quenc
from a uniform phase into a coexistence region, doma
of the low temperature phases form and subseque
coarsen in time. For binary mixtures, the mechani
of coarsening (ripening) is well known: larger domain
with smaller domain wall curvature accrete material at t
expense of smaller domains with larger domain wall c
vature [3]. Application of this principle results in the pre
diction that the average domain size grows as a power
versus time with an exponent of 1y3. In addition, the do-
main morphology exhibits dynamic scaling behavior,
that the distribution of domain sizes or the scattering fun
tion, when scaled to the average domain size, appears
similar at different times. These predictions have be
realized experimentally in many systems [4].

For faceted surfaces, however, the domain walls t
must disappear so that coarsening may proceed
linear edges, requiring a different mechanism. Althou
faceting has been of considerable interest for ma
decades, pioneering studies of faceting kinetics h
focused mainly on the early stage nucleation and grow
[2,5,6]. Only recently has the subject of late sta
coarsening begun to receive attention [7–9]. Of particu
relevance to the present paper, it was found that w
a miscut Si(113) surface was quenched from abo
a faceting temperature to below, quasiperiodic groo
formed and subsequently coarsened in time. The wi
of the grooves was observed to grow following appro
mately a 1y6 power law versus time, and the scatteri
function from the grooves revealed a dynamic scali
behavior [8]. Another interesting observation was ma
on a grooved alumina surface, where a rapid increas
the aspect ratio of the grooves was noted as a functio
annealing time [9].
0031-9007y98y80(2)y337(4)$15.00
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Subsequently, Milner proposed a theory that reproduc
the 1y6 power law, and in addition predicts that the leng
of grooves would increase as the third power of their wid
[10,11], i.e., as the 1y2 power of time. Our motivation
for the present study was to directly test the theory,
quantifying the time-dependent aspect ratio of coarsen
grooves on Si(113), by means of time-resolved x-ra
scattering. Preliminary work by atomic force microscop
(AFM) on a quenched surface indicated an aspect ra
of approximately 50. Simultaneous measurement of t
evolution of two length scales that differ by nearly 2 orde
of magnitude poses a technical challenge, which was m
by utilizing an area detector [12] in a glancing-angl
reflection geometry, which nicely matches the instrumen
resolution to the requisite length scales. The resul
presented here, generally endorse the theory of Ref. [1
The simplicity of the theory and its apparent success le
us to suspect that it will be applicable to other facetin
transitions and more generally to different types of uniaxi
system. Despite the prevalence of uniaxial phases
nature, the kinetics of domain formation in such system
remains largely unexplored [13].

We begin with a brief review: At nonzero tempera
ture, steps on a crystal surface are subject to lon
wavelength fluctuations. The relation between amplitu
(h) and wavelength (M) of the fluctuations is determined
in a statistical manner by the stiffness (S) of the steps
[14]: kh2l . MkBTyS. The theory asserts that a bunc
of N steps on a faceted surface may itself be treated a
(macro) step possessing a stiffness that isN times larger
than the stiffness of a single step (SN  S1N) and a mo-
bility that is N times smaller than that of a single ste
(GN  G1yN). Faceting proceeds via coalescence of a
jacent step bunches as they thermally fluctuate and coll
with each other. The rate of coalescence is controll
by the time to develop fluctuations of sufficiently larg
amplitude, i.e.,h . L, where L is the mean separation
between step bunches. It follows thatL2 . MkBTySN .
© 1998 The American Physical Society 337
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BecauseN and SN increase linearly withL, this rela-
tionship between amplitude and wavelength of the coll
ing step bunches yieldsL3 . MkBT,0yS1, where,0 is
the mean step separation. The theory furthermore ta
the characteristic time for a collision between two st
bunches to bet . kBTM2yGNSN . L6S1ykBT,2

0G1, as-
suming that step fluctuations are determined by adatom
tachment and detachment [11]. As a consequence,L will
increase as a 1y6 power of time in the coarsening proce
of the step bunches.M increases more rapidly, with a
coarsening exponent of 1y2. The step-free facets bounde
by step bunches should become increasingly elonga
along the step edge direction with increasing time.

Experiments were performed at beam line X20C at
National Synchrotron Light Source [15]. X rays with
wavelength ofl  1.4 Å were selected by WySi multi-
layers with a relative bandpass of,1022. The scattering
geometry is illustrated in Fig. 1(a). A CCD area detec
[12] was mounted 0.92 m downstream of the sample.
rays scattered into the detector correspond to a plan
reciprocal space defined byQz  k sins2ui 2 dxd, Qy 
kdy, andQx  sinuikdx, wheredx anddy are horizontal
and vertical angular displacements of the scattered x r
from specular reflection,ui  0.56± is the incident angle,

FIG. 1. (a) Scattering geometry.Qz is along the surface
normal. An area detector subtends a plane in recipro
space. Centered at the specular reflectionQo

z  2k sinui 
0.088 Å21, this plane is nearly parallel toQyQz with a small
component alongQx : Q 2 Qo

z  ssinuikdx , kdy, cosuikdxd.
Since the scattered intensity from the structure of (b)
independent ofQz within the range ofQz sampled, we may
consider the horizontal (kdx) and vertical (kdyd axes of the
detector plane to representQxy sinui and Qy , respectively.
(b) AFM image of a grooved sample with 500 Å periodicit
One side of each groove is the (113) facet, and the other sid
a bunch of 11 steps.
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andk  2pyl. However, for shallow structures such a
shown in Fig. 1(b) and for the values ofQz studied here,
the scattering intensity depends only weakly onQz , so that
our measurements accurately reflected the variation ver
Qx . It follows that the resolution inQx is finer than in
theQy direction by a factor of sinui  1022. This choice
of scattering geometry is particularly suitable for our stu
ies, where strong anisotropy in length scales is expect
The sample was a Si(113) wafer with its surface miscut
2.1± towards (001) so that steps are separated on aver
by ,0  45 Å. The equilibrium morphology of this sur-
face has been studied extensively [15]. Faceting occurs
1220 K, whereupon the steps self-assemble into a groo
superstructure. An example of a faceted surface is sho
in Fig. 1(b). One side of each groove is a step-free (11
facet, and the other side is a step bunch. The sample w
oriented so that the grooves were horizontal, as indica
in Fig. 1(a).

After annealing the sample at 1530 K for 60 s, w
cooled the surface to 1250 K, where the surface is kno
to have a uniformly stepped morphology. The scatteri
from such a surface is a single peak with a resolutio
limited width corresponding to specular reflection. Th
peak width corresponds to1.9 3 1025 Å21 in the Qx

direction and1.4 3 1023 Å21 in the Qy direction. The
line shape is well described by a Gaussian. We th
quenched the surface to 1195 K and collected the scatte
intensity every 4 s with an exposure time of 1 s. Exampl
are displayed in Fig. 2 for times 10, 100, 1000, an
10 000 s after the quench.

In addition to the central peak which corresponds
specular reflection, two vertically displaced peaks are o
served. They may be identified as the first order diffra
tion peaks from the periodic grooves. With increasin
time they grow in intensity, narrow in width, and move
in towards the center. The vertical position of the pea
is related to the groove periodicity viaey  2pyL, so that
the growth ofL versus time is evident from these data
Equally evident is the dramatic decrease in the horizon
width of the groove peaks, which arises from the increasi
extent of ordering along the grooves. Especially striking
the change in the shape of the peaks. Beginning elonga
alongQx at early times, the peaks evolve to appear nea
circular in shape at late times. In fact, because of the re
lution effects described above, the length of the grooves
the x direction is much larger than the period in they di-
rection, even at the earliest times.

Closer examination reveals that the two first-order pea
evolve slightly differently. In particular, it may be seen
that at late times the horizontal width of the lower pea
(at negativeQy) seems broader than that on the upper si
(positive Qy). We observe no difference in the vertica
width or in the vertical position of the two. In reference t
the scattering geometry shown in Fig. 1(a), the facet side
the grooves is oriented towards the positiveQy direction,
and the step-bunch side towards the negativeQy direction.
Apparently, the peak on the step-bunch side is broad
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FIG. 2. Diffraction patterns from a grooved sample after quench. 10, 100, 1000, and 10 000 s. Intensity is displa
logarithmic scale. Each frame displays a detector area of8 3 8 mm2. Projected in theQxQy plane, it corresponds to a reciproca
area of3.5 3 1024 Å by 3.5 3 1022 Å. The peaks are fit to 2D Gaussian with the fitting parameters as defined in the schem
v

t
t
a
n
i

t

n
t

w
i

u

4

.4

2 at

tios

-

y
f

ed
re

f
are
The source of broadening alongQx on the facet side is the
finite length of the grooves. By contrast, on the negati
Qy side, step fluctuations within the step bunches m
contribute to a broader peak width, in addition to the fini
length of the grooves. We do not at present understand
behavior quantitatively. Instead, we will focus on the pe
on the facet side, which is unaffected by these fluctuatio

We have also fit the groove peaks to 2D Gaussian l
shape, examples of which are shown in Fig. 3. The resu
for the position (ey) and the deconvoluted full widths a
half maximum (k6

x and ky) are shown in Fig. 4. The
width of the specular peak remains resolution limite
at all times. The position and the width in theQy

direction reproduce the findings of Ref. [8]. Evolutio
of the horizontal width proceeds at a much faster ra
as shown in Fig. 4. Beginning at4 3 1024 Å21 at the
earliest times measured, the two peaks evolve to2 3

1025 Å21 and4 3 1025 Å21, respectively. The behavior
of each appears consistent with a power law vers
time. The best fit for times less than 2000 s yield
k1

x  0.00077t20.44 Å21 for the peak on the facet side
and k2

x  0.00066t20.35 Å21 for the peak on the step-
bunch side. The exponents 0.44 and 0.35 fork6

x are
unquestionably different from 0.16 forey and ky . The
width of the peak on the facet side follows a power la
up to 4000 s, at which time it reaches our resolution lim
The measured exponent of 0.44 is close to the predic
exponent of 1y2, given the uncertainties at early time
(due to counting statistics) and at very late times (d

FIG. 3. Line profiles of data obtained at (a) 100 s an
(b) 1000 s.
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to instrumental resolution.) The dashed line in Fig.
indicates the expected 1y2 power law. Relatingk1

x to
the finite length of grooves viaM  5.9yk1

x [10], we
find that at 1195 K the groove length increases from 1
to 16.5 mm for times between 4 and 1000 s, whileL
increases from 450 to 960 Å. The anisotropy ratioMyL
of the shape of the coarsening grooves changes from 3
4 s to 172 at 1000 s.

We plot in Fig. 5 the ratioseyyky and e3
yyk1

x . For
times between 4 and 1000 s, we measure constant ra
eyyky  2.0 ande3

yyk1
x  0.0069 Å22. Constanteyyky

signifies dynamic scaling along theQy direction [8]. Con-
stant e3

yyk1
x indicates thatM is proportional toL3, in

agreement with Milner’s predictions [10]. We may de
fine the coarsening regime to correspond to times from,4
to 1000 s, in which the growth of grooves is governed b
simple scaling relations. This is the principal result o
this Letter, namely, that the scaling relations, predict
by a model of thermally fluctuating step bunches, a

FIG. 4. Power law evolution of the position and width o
the first-order groove peaks. Results for two temperatures
displayed. Resolution corresponds to30 mm in thex direction
and 4500 Å in they direction.
339
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FIG. 5. Scaling relations are demonstrated in the coars
ing regime. (a) Best fit to a constant yieldseyyky  2.0.
(b) e3

y yk1
x  0.0069 Å22. This quantity is proportional to

MyL3, from which the single-step stiffnessS1 can be deduced.

observed to hold for steps on Si(113). To our know
edge, anisotropic dynamic scaling has not previously be
observed. In view of the simplicity of the model, w
anticipate that this behavior may be generic to differe
uniaxial systems that undergo phase separation and co
ening. Beyond 1000 s, an ordering regime follows
which the equilibrium grooved morphology is approache
[16], as evidenced by the approach to a limiting groo
size and the continually decreasing scattering peak widt

The theoretically constant ratioMyL3 may be esti-
mated asS1ykBT,0 [14]. It follows that the single-
step stiffness is estimated to be of the order ofS1 .
0.72 meV Å21 for kBT  100 meV. For comparison, we
note that at the same temperature the stiffness ofSB steps
on Si(001) is approximately1 meV Å21, and that ofSA

steps is7 meV Å21 [17]. For steps on Si(111), severa
values of the stiffness have been reported within the ran
30 68 meV Å21 [11].

Previous to this Letter, the dynamics of step fluctu
tions on Si(001) and Si(111) have been studied by el
tron microscopy [11,17], yielding vivid real space image
and such quantities asS1 and G1. Here, we have used
an area detector in glancing-angle reflection geometry
demonstrate that x-ray scattering may provide comp
mentary information concerning the collective behavior
steps undergoing a phase transformation. Specifically,
ter quenching a miscut Si(113) surface from above to b
low its faceting point, we characterizedin situ and in real
time the two-dimensional scattering function of the evol
340
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ing morphology. The width of the scattering along th
groove direction evolves as a power law versus time w
an exponent close to 1y2, and the width of the scattering
across the grooves and the peak wave vector of the s
tering both evolve with an exponent of 1y6. Such is a
clear realization of a simple model of groove coarsenin
which focuses on the thermal fluctuations of step bunch
and takes the collision between adjacent step bunches
the rate-limiting mechanism.
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