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Roughening Rates of Strained-Layer Instabilities
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We study the evolution of the morphology of Si0:75Ge0:25 strained layers using a wide range of
deposition times, 60< �< 2400 s, at 600 �C on laser textured substrates with miscuts � < 15� off
Si(001). Ripple-shaped morphologies form spontaneously on miscuts along the h110i directions. At the
shortest deposition times, roughening is suppressed as predicted by a linear stability analysis that uses
previously measured values for the mass transport rate on the surface. The measured time constant of the
roughening is � 80 s, a factor of 4 larger than predicted by theory.
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Instabilities of surface morphology play a key role in the
synthesis and processing of crystalline layers that are
elastically strained by a misfit between the lattice constant
of the layer and the substrate [1]. The simplest manifesta-
tion of this instability of strained layers has been described
independently by Asaro and Tiller, Grinfeld, and Srolovitz
(ATGS): on a thermodynamically rough, i.e., nonfaceted
orientation of a crystal, the morphology of a strained layer
is linearly unstable and roughens spontaneously [2– 4].
The rate at which the roughness evolves is controlled by
the kinetics of mass transport on the surface and the
thermodynamic driving forces of elastic strain energy
and surface stiffness. The ATGS instability limits the use
of planar strained layers in novel electronic device struc-
tures [5,6] and underlies the formation of epitaxial nano-
structures in the Stranski-Krastanov growth mode [7–9].

To the best of our knowledge, however, the rate at which
surface roughness develops in the ATGS instability, i.e.,
the roughening rate of the instability, has never been tested
quantitatively by experiment. This lack of data can be
attributed to two factors: (i) the kinetics of surface mass
transport are known only in limited cases and (ii) most
experiments use low-index orientations of the crystal that
are not thermodynamically rough. The presence of a cusp
in the surface free energy as a function of surface orienta-
tion introduces a nucleation barrier for roughening and the
kinetics of crossing this nucleation barrier are typically
unknown. The deposition of Si-Ge alloys on laser textured
Si surfaces provides a way to overcome these two difficul-
ties. We have previously measured the mass transport rate
of Ge-covered Si(001) surfaces at 600 �C [10] and the mass
transport rate of clean Si(001) is known at 670 �C [11].
Therefore, we can make a reliable estimate of the surface
kinetics of a Si-Ge alloy at 600 �C by extrapolation. Laser
texturing of Si(001) allows us to examine all crystal ori-
entations within 15� of (001) in a single experiment
[10,12,13]. Orientations with a large miscut in the h110i
directions roughen without a nucleation barrier and enable
quantitative tests of the roughening rate predicted by the
ATGS theory.
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Our work is also motivated by recent speculations con-
cerning the effects of a high deposition flux in stabilizing
the morphology of strained layers [8,9,14–16]. Layers
deposited at high rates do not roughen significantly, but
we argue that this lack of roughening can be simply
attributed to the short time scale of the deposition: with a
rapid deposition rate, a rough surface morphology does not
have time to develop [14]. A planar layer deposited with a
high deposition flux and then annealed for 600 s roughens
to essentially the same degree as a layer that is deposited to
the same thickness, only more slowly over the course of
600 s.

The ATGS analysis considers the competing changes in
chemical potential created by an increase in surface area
and relaxation of mechanical strain [1] and predicts an
exponential roughening rate ! of a periodic surface mor-
phology of wave number q � 2�=	 [2,4],

! �

�
Dn0�

2

kBT

�
q3
�
2�2

0

M
� ~�q

�
; (1)

where D, n0, and � are, respectively, diffusivity, concen-
tration, and the volume of the adspecies responsible for
mass transport on the surface. The product Dn0 has units of
inverse time, and we refer to this fundamental property of
the surface as the mass transport rate. �0 is the layer stress,
and ~� is the surface stiffness ~���� 	 �
 @2�

@�2 . In the ordi-
nary problem analyzed by ATGS, M is the plane strain
modulus. In our experiments, the morphology is one di-
mensional, but the layers are under biaxial stress. We are
not aware of an exact solution [15,17] to this geometry and
set M equal to the biaxial modulus as an approximation.

For a surface profile of wave number q larger than a
critical value, i.e., q > qc � 2�2

0=�M~��, !< 0, roughen-
ing is suppressed, and the surface remains smooth. For q <
qc, !> 0, and a perturbation of the surface morphology of
wave number q grows exponentially with the dependence
exp�!��. The maximum roughening rate !m occurs at the
‘‘most unstable’’ wave number qm � 3�2

0=�2M~��,
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FIG. 1 (color online). Selected AFM micrographs of 100 ML
thick Si0:75Ge0:25 layers grown with different layer deposition
times. The images are high-pass filtered to separate the
nanometer-scale features from the micron-scale curvature of
the dimples. The numbers below each micrograph indicate the
deposition time. For (f), 60
 600 indicates 60 s deposition time
and 600 s annealing time. The images are cropped near the top of
the rim of the dimple. The diameter of each cropped image is
� 3 �m.
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This mode is expected to dominate the surface morphol-
ogy. Although qm is inversely proportional to the surface
stiffness ~�, Eq. (2) predicts that the roughening rate of a
mode with a fixed wave number qm is independent of ~�.

If a layer can be deposited in a time � such that !m� �
1, the instability of the morphology should be suppressed.
For layers with high strain, !m is large and the short
deposition time required to satisfy !m� � 1 is not typi-
cally accessible to experiment. As we discuss below, 1=!m
for a strain � � 0:01 is on the order of 100 s; therefore,
!m� � 1 is accessible at high deposition rates if the strain
in the layer is not too large.

Si(001) wafers with miscut of 0:1� toward h110i are
textured with a frequency-doubled pulsed yttrium-alumi-
num-garnet laser (	 � 532 nm) to create smooth craterlike
dimples approximately 5 �m in diameter at the outer edge
and 150 nm in depth at the center [18]. Si0:75Ge0:25 layers
are grown from disilane and digermane precursors [10,13].
To ensure the cleanliness of the starting surfaces, we first
deposit pure Si buffer layers, �11 nm in thickness, at
800 �C [10]. The miscuts inside the dimples range 0� <
�< 15� after the buffer layer growth. Layer thickness,
given in equivalent monolayers (ML) of silicon (6:79
1014 cm�2), and composition are measured by Rutherford
backscattering spectrometry. The biaxial misfit strain of
the Si0:75Ge0:25 epitaxial layers is 0.010. Surface morphol-
ogies are characterized by atomic force microscopy
(AFM). Approximately 100 ML thick Si0:75Ge0:25 layers
are grown at a fixed temperature of 600 �C, and the dep-
osition times are varied by a factor of � 45, from 60 to
2400 s, corresponding to deposition rates of 0.041 to
1:9 ML=s.

AFM images of the surface morphologies of �100 ML
thick layers of Si0:75Ge0:25 with varying deposition times
are shown in Fig. 1. The miscuts � inside the dimples after
the deposition of the Si0:75Ge0:25 layer range from 0� at the
center to maximum values of 10�–12� at a radius of
0:75 �m. The miscut angle is 5� near the outer edge of
the image.

The morphologies of Si0:75Ge0:25 layers on vicinal
Si(001) have an intricate dependence on miscut (�) and
azimuth (’), but relatively large domains of � and ’ show
similar behaviors. In particular, ripple-shaped morpholo-
gies at 5� < �< 12� miscut toward the h110i directions
dominate the fourfold symmetric patterns when the growth
time � exceeds 150 s.

The amplitudes of the ripple-shaped instabilities are
strongly dependent on the deposition time; i.e., the insta-
bilities are suppressed at the shortest deposition time. The
average widths w and amplitudes z0 of these ripple-shaped
instabilities are plotted as a function of the layer deposition
time � in Fig. 2. The amplitudes are defined as 1

2 of the
valley-to-peak heights of the instabilities.
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We fit the amplitudes z of the ripple-shaped morpholo-
gies produced by the five shortest growth times � to z0 �
zm exp�!m�� with z0 and !m as parameters. The best fit is
obtained with zm � 0:036� 0:024 nm and !m � 0:012�
0:002 s�1 as shown with the dashed line in Fig. 2, corre-
sponding to a characteristic time constant of 1=!m � 80�
13 s. For the two shortest growth times, the upper limits of
the amplitudes are considered in our fitting procedure,
although !m values are not strongly affected by these
data. For � > 300 s, the amplitudes deviate from the pre-
diction of linear instability analysis which assumes that the
thermodynamic driving force for roughening, i.e., the re-
laxation of elastic strain, increases linearly with the am-
plitude. The linear dependence of the driving force on
amplitude is a good approximation for small values of
the aspect ratio z0=w but becomes a poor approximation
for z0=w > 0:03 [16].
1-2
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FIG. 2. Plot of average width (circles) and amplitudes
(squares) of the ripple-shaped instability vs time. The error
bars indicate the standard deviations in the measurements of
� 25 ripples. The widths have been corrected for �5 nm over-
estimate due to the finite tip radius. The data from Fig. 1(f), 60 s
deposition followed by 600 s anneal, are plotted as an open circle
and an open square. The solid line indicates a 0.30 power-law fit
to the instability widths. For the two shortest times, amplitudes
are shown with bars and arrows pointing down to indicate the
upper limit. An exponential function z0 � zm exp�!mt� has been
fit to the data, zm � 0:036 nm and !m � 0:012 s�1.
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We now compare the experimental value for !m with the
value of !m predicted by Eq. (2). To calculate !m from
Eq. (2), we need the value of the mass transport rate, Dn0,
on the Si0:75Ge0:25 surface: for Ge on a Ge-wetting layer on
Si(001) Dn0 � 1:5 105 s�1 at 600 �C [10]; for Si on
Si(001) at 670 �C Dn0 � 3 105 s�1 [11]. Extrapolating
the Si data [11] with an activation energy of � 1:6 eV [19],
we estimate Dn0 � 6:2 104 s�1 at 600 �C for Si on
Si(001). The surface composition of the Si0:75Ge0:25 alloy
during growth is not known exactly, and we do not know by
how much the mass transport rate will vary with vicinality,
but we expect that Dn0 of our samples can be approxi-
mated by a geometric average of the limiting values for Si
on Si(001) and Ge on a Ge-wetting layer on Si(001) and
that the uncertainty in Dn0 can be approximated by these
same limits; therefore, we set Dn0 � �1:0� 0:4� 
105 s�1. The mass transport rates are derived assuming
that the diffusing species are dimers [10,11]. We are also
assuming that the anisotropy in the mass transport rate is
not pronounced. At low temperatures, on the order of
100 �C, the diffusion constants of Si-Si [20,21] and Si-
Ge ad-dimers [22] on Si(001) are known to be highly
anisotropic. (We note that the diffusion rates for Si-Si
and Si-Ge ad-dimers are identical to within the experimen-
tal uncertainties [20,22].) Experiments on island nuclea-
tion [23] and island ripening [11], however, show that Dn0
on single terraces of Si(001) is essentially isotropic at high
temperatures, T > 670 �C [11,23].

At the transition from a smooth morphology to a rough
morphology, the average width of the ripple-shaped mor-
phology is w � 80� 10 nm; see Fig. 2. We identify this
length as the most unstable wavelength 	m. Finally, using
the biaxial modulus of the Si(001) substrate, M �
180 GPa in Eq. (2), !m � 0:06� 0:03 s�1 at � � 0:010,
and the expected characteristic time 1=!m � 20� 10 s, a
factor �4 smaller than the observed value. Since we are
using the measured value of qm � 2�=	m in Eq. (2), !m
does not depend on ~� and the uncertainty in !m is domi-
nated by the uncertainties in Dn0 and qm.

We confirm that the observed ripple-shaped morpholo-
gies are not the result of kinetically driven step meander-
ings [24] by an annealing experiment. A smooth layer
deposited with a 60 s deposition time was annealed for
600 s at 600 �C in UHV immediately following the layer
deposition. The resulting morphology is similar to the
morphology of the layer with a 300 s deposition time;
see Fig. 1. The width and the amplitude of the ripple-
shaped morphology formed by annealing are plotted as
an open circle and an open square in Fig. 2; the data points
for the annealed layer fall near the data for layers grown
continuously over a comparable time. In this way, we
confirm that the origin of the instability is thermodynamic
and not caused by kinetic effects related to step motion.

The width of the ripple-shaped morphologies w varies
weakly with growth time �, and w appears to scale as w /
�� with � � 0:30� 0:03. Previous experiments [9] and
theory [16] have also found that morphologies of strained
06610
layers coarsen with time. With shorter deposition times,
less time is available for coarsening. Therefore, the width
w of the instability should approach the characteristic
wavelength 	m at growth times comparable to the transi-
tion between smooth and rough growth.

The mechanism of coarsening is not known precisely,
but intermixing of the layer atoms with those of the sub-
strate and alloy decomposition within the layer should be
considered [25]. At 600 �C, even a low deposition rate of
0:08 ML=s is sufficient to suppress intermixing between
pure Ge layers and Si substrates [26]. The possibility of
lateral alloy decomposition cannot be easily discounted.
Previous reports of lateral alloy decomposition are for
much lower deposition rates (0:0147 ML=s) [27] or
much higher temperatures (720 �C) [28]. Samples grown
with 0:8 ML=s at 520 �C did not show alloy decomposi-
tion [29]. A weak 1

4 power-law dependence of the width of
the ripple-shaped morphology on the deposition rate has
been predicted by simulations that include lateral decom-
1-3



PRL 94, 066101 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
18 FEBRUARY 2005
position of the alloy [30]. We note, however, that coarsen-
ing of an ensemble of 3D islands can show similar behavior
[31].

The linear stability analysis we are using does not con-
sider the influence of the growth flux in modifying the
kinetics of mass transport on the surface. The validity of
that approach can be addressed by the answer to the
following question: during growth at 600 �C, does the
flux of adatoms and dimers that are deposited on the
surface significantly modify the equilibrium density of
dimers that are responsible for mass transport? A quanti-
tative answer to that question will depend on the average
migration length of the dimers l, Dn0, and the growth flux
F. By dimensional analysis, we find �n=n0 � Fl2=�Dn0�,
where �n is the change in the ad-dimer density created by
the growth flux. In our experiments, F=�Dn0� is approxi-
mately 10�5 in atomic units. If l < 100 lattice constants,
then �n=n0 � 1. For growth of strained alloys on vicinal
surfaces, we believe that l < 100 will be easily satisfied
because of the high density of possible binding sites on the
surface.

In addition to the ripple-shaped morphologies formed at
high miscut toward the h110i directions, other features
inside the dimples deserve mention. We also observe dis-
tinct regions with � < 5� and miscuts toward h100i with
5� < �< 12�. At longer deposition times, in the centers of
the dimples at � < 5� and at all ’, the instabilities have the
fourfold symmetry of pyramidal shaped islands, com-
monly found in the other studies with low miscut substrates
[7–9]. In regions with miscut toward the h100i directions,
with 7� < �< 12�, the morphology is relatively stable at
all deposition rates [13]. The centers of these stable regions
at �� 11� are (105)-type facets which stay relatively flat
even at the longest deposition time. We have not exten-
sively studied growth of Si0:75Ge0:25 on vicinal planar
substrates, but our prior work on the growth morphologies
of highly strained GeSi alloy layers [13] and Ge low-
temperature homoepitaxy [12,32] support our assertion
that the morphologies observed within the curved dimpled
substrate are characteristic and predictive of the morphol-
ogies that would be produced on planar Si wafers with the
same vicinality.

In conclusion, textured substrates and a wide range of
deposition times have enabled us to study the roughening
rates of strained-layer instabilities. The morphologies on
low strain layers are proven to be thermodynamic in origin
and not the results of kinetic effects. Linear instability
analysis is not only sufficient in describing the morpho-
logical changes in the layers qualitatively but also is ade-
quate in deriving the quantitative rate of the roughening.
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