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Direct Imaging of Surface Cusp Evolution During Strained-Layer Epitaxy
and Implications for Strain Relaxation
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We have directly imaged the evolution of surface cusps during strained-layer epitaxy. The cusps arise
naturally as a result of gradients in the surface chemical potential. High stress concentrations at the
cusp tip have important implications for strain relaxation in the film via dislocation nucleation.
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The shape evolution of a thin overlayer film subjected
to substrate induced misfit strain remains a central issue
in strained-layer epitaxy. Although it is understood that
flat surfaces are unstable to the formation of surface
waves [1], little is known about the detailed shape or time
evolution of surface features. In this Letter, we demon-
strate the surprising result that strained overlayers are
unstable to the formation of a surface cusplike morpholo-

gy as a consequence of gradients in the surface chemical
potential. The cusps are associated with high stress con-
centrations, and we consider the potential implications of
this morphological development as a means of strain re-
laxation in the film via dislocation nucleation.

To study the surface profile evolution of a strained epi-
taxial layer, we have performed a Sio 5Geo s/Si(001)
molecular beam epitaxy (MBE) growth experiment in

which 2 monolayer Ge marker layers were deposited at
selected intervals. These marker layers were then imaged
along [110] as bright lines in Fig. 1(a), using the Z-
contrast technique [2], to provide a direct map of the
evolving nonequilibrium surface morphology [3]. We be-
lieve that these data represent the first cross sectional
morphological map detailing the coherent-to-incoherent
transition of a strained layer under conditions of high su-
persaturation.

The morphological development in Fig. 1(a) can be
broadly classified into three distinct regions. Initially, the
surface profile is flat and develops into a wavelike modu-
lation of amplitude 2 nm at a thickness of about 25 nm.
Most surprising, however, is the development of cusplike
features at about 40 nm. Similar images were obtained
along the [100] projection, so cusps can be regarded as
lines of intersection between coherent islands. The cusp
shapes would seem to be directly related to strain relaxa-
tion in this system since the surface profile rapidly flat-
tens after their appearance. A flat morphology then per-
sists for the subsequent film growth.

To understand the evolution in Fig. 1, we consider the
morphological development of the surface to be governed
by gradients in the surface chemical potential [1,4],

I (x) =u'+) «(x)+~'(x) Q

2E

Here p' represents the chemical potential of the un-
stressed surface, 0 is the atomic volume, and y is the sur-
face free energy per unit area. The second term corre-
sponds to the surface free energy contribution to the
chemical potential and therefore involves the surface cur-
vature tc(x) = —h "[1+(h') ] I, where h (x) specifies
the height of the surface at lateral position x (see Fig. 2).
The third term involves the elastic energy contribution,
where tT, (t) represents the local stress component tangen-
tial to the surface and E is the Young's modulus ap-
propriate to the film surface. Physically, a gradient in p
along the surface will establish an atomic drift velocity
leading to a rate of change in surface profile given by
[1,4]
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FIG. l. (a) [110] Z-contrast image of a SiosGeos alloy
grown by MBE with 0.25 nm Ge marker layers deposited at
selected intervals. The growth temperature was 400'C and the
deposition rate 2 As . The profile simulations in (b) corre-
spond to the period of cusp formation in (a) between vertical
ordinates Yl and Y2. The solid circles denote the peak, valley,
and infiection positions as determined from Eqs. (3), (4), and
(5) (see text).
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FIG. 2. The surface cusp profile h(x) (solid line) is approxi-
mated at the peak p and valley v by the two sinusoidal half
periods shown (dashed lines). The wavelengths A~, X„arerelat-
ed to the frequencies u~ =2n/X~ and u„=2m/X„,respectively.

Bh Ds& 2 x
rl [I + (h') ] ' + ([I+ (h') ] ' (2)Bt kT

Here D, is the surface diAusion coefficient, g the number
of atoms per unit area, kT the thermal energy, and g the
deposition rate. The derivatives with respect to s are
along the surface.

To solve Eq. (2), we now make a number of simplify-
ing assumptions consistent with our experimental data.
This will lead to a qualitative but predictive model which
embodies the essential physics governing the shape evolu-
tion of the surface. From Fig. 1(a) it can be seen that
the surface profile is slowly varying and is essentially
defined by three points: the profile peak p, the point of
inflection i, and the valley v. If we approximate the
profile extrema by two diA'erent sinusoidal half periods, as
defined in Fig. 2, then it is possible to evaluate the curva-
ture contributions to the chemical potential analytically.
To model the elastic contribution, we note that for a
sinusoid of wavelength X,, this is given to first order in

h/A,
' by cr [1 —(Szh/k)sin(2+x/k)] 0/2E. Modeling the

initial roughness in Fig. 1(a) as a sine wave of amplitude
2 nm and wavelength 60 nm, this implies the elastic con-
tribution at the peak is substantially reduced, and at the
inflection point is close to a 0/2E. In our model, we
therefore assume that values of zero and a 0/2E are
maintained at the peak and point of inflection, respective-
ly, during growth, although the position of inflection will,
of course, vary spatially as the profile evolves. The elastic
contribution at the valley of depth d is similar to the
compression of an elliptical crack producing an elastic
contribution [5] of o [I+2(d/p„)'/ ] 0/2E. Here, p„is

the valley radius of curvature which in terms of the
sinusoid parameters is given by a„u„.Within the
scope of this model, it is then possible to solve Eq. (2)
directly to obtain analytical expressions for the instan-
taneous growth velocities at the peak, valley, and point of
inflection as

Dn'
kT (3)
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V; =([1+(h')'] (5)
with the symbols defined in Fig. 2. Equation (5) follows
from the approximate antisymmetric nature of the profile
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close to the point of inIIection so that even derivatives
vanish.

We can now follow the evolution of the surface profile
away from an initial perturbation by applying Eqs.
(3)-(5) for a short duration /3. t. Using the experimental
evidence that the profiles are smooth, it is then possible to
fit new sinusoids, reapply Eqs. (3)-(5) for a further dura-
tion h, t, and hence track the evolving surface morphology
as shown by the simulations in Fig. 1(b) [6]. It can be
seen that our model qualitatively reproduces all of the
features observed experimentally. This confirms that
cusp formation is physically reasonable and that our im-
ages could form the basis for quantitative theoretical
studies of nonlinear surface instabilities.

After the initial wetting layer, Fig. 1(a) indicates that
the alloy grows with a metastable flat surface morphology
up to a thickness of 25 nm at which a wavelike morpholo-

gy develops. This observation is consistent with the far-
from-equilibrium nature of MBE growth, in which the
deposition term in Eq. (2) retards the morphological evo-
lution defined by the gradient in surface chemical poten-
tial. As shown in Fig. 1(b), our model predicts that a
sinusoidal profile of small amplitude will gradually evolve
into a cusplike morphology. Although the curvature
terms in Eqs. (3) and (4) tend to flatten the profile, the
strain terms in Eq. (4) result in a net Aux of atoms away
from the valley towards the peak. The stress concentra-
tion at the valley is then further increased as the cusp
sharpens which accentuates the migration. At a critical
stage of the evolution, our model indicates that the cusp
curvature and concomitant stress concentration accel-
erate rapidly.

We now consider the important implications of such
stress concentration as a means of strain relaxation in the
film via dislocation nucleation. The process by which
dislocations nucleate in defect-free semiconductor epi-
layers is a fundamental and yet unresolved issue in
strained-layer epitaxy. The basic conceptual difficulty
arises because appreciable local stress concentrations are
required to overcome the dislocation nucleation barrier
[7-11]. In particular, for surface half-loop nucleation,
the stress field must be sufficiently large to expand the
loop beyond its critical radius. The appreciable stress
concentrations associated with surface cusps, therefore,
provide a natural explanation for how dislocations can
nucleate in defect-free films. Consider, for example, a
60 half loop nucleating at the tip of the cusp and gliding
along a (111) plane. For simplicity, we assume that the
stress field will be dominated by o„„[12]so that using
the stress solution of Sneddon [13], the total energy as a
function of loop radius RL is given by [14]
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Here, the first term specifies the energy cost of a disloca-
tion of core parameter a and Burgers vector b in a medi-
um of shear modulus p and Poisson's ratio v. The second
term specifies the energy gained by the removal of a step,

P being the angle between the Burgers vector and the
direction in the slip plane which is perpendicular to the
intersection of the slip plane with the surface. The last
term defines the elastic energy released by the loop,
where X and p are the angles defined by Matthews [7].
Note in this case It also appears as a polar coordinate in

the crack stress field. The factor C(RI ) depends upon

the model used for the radial (R) dependence of the
stress field away from the crack tip. In the case of the
stress solution [13] o„„ee(d/2R) '~, then the calculation
can be performed analytically to give

C"(RL) =4 94d' R p eb
1 —v

Likewise, modeling the radial stress field of a "blunt"
crack [15] as cr„„~p,', ~ [I+2(d/p„)' ]/(p„+4R)' but
retaining the angular (p) dependence of the Sneddon
solution in Eq. (6) yields

C (R ) = p ebp'i'[I+2(d/p )'i'] [p, +4(R' z')'i']—'i' p!i'dz-.
v ~ —RL

These two expressions should be compared with the ex-
pression appropriate for a flat surface [7]

(8)

C (RL, ) =nRLp sb,1+v
1
—v

(9)

100

which, of course, requires $=0 in Eq. (6). In Fig. 3, we

have plotted the total energy [Eq. (6)] as a function of
loop radius using the above expressions for C(R) and a
cusp geometry appropriate to the experimental data in

Fig. 1. It can be seen that although the nucleation bar-
rier at a flat surface is around 70 eV, nucleation at the
cusp is eA'ectively barrierless. These trends appear to be
relatively insensitive to the crack model used, which sug-
gests a further simplification in our interpretation. Since
the critical loop radius R, is appreciably reduced by the
cusp stress field, then for p„))R, in Eq. (8) we can con-
sider nucleation at a cusp to be similar to dislocation nu-

cleation at the flat surface of a film which is uniaxially
stressed to the tip stress. If e*(T) is the system depen-
dent flat film strain at which the nucleation barrier be-
comes 37 kT, the estimated available nucleation energy
[16], then the critical cusp geometry G, (T) =d/p„giving
rise to barrierless nucleation is

(10)

G, (T) is plotted as a function of misfit e in Fig. 4 for the
Si-Ge systein at 400 C and 750'C. The experimental
critical geometry observed in Fig. I lies very close to the
G, (400'C) curve for a=0.02. Images containing cusps
can also be seen in Ref. [17] for a=8.4x10 but were
interpreted as sinusoids by the authors. Estimating
d=38 nm and p„=24nm, we find that in this case the
cusp geometries are subcritical, lying below the 750 C
critical geometry curve in Fig. 4 as we would expect for a
coherently strained film.

Cusp formation is clearly very sensitive to growth con-
ditions [Eq. (2)]. A more appropriate definition of criti-
cal thickness in strained-layer epitaxy is that film thick-
ness at which a critical cusp develops, having a surface
stress concentration capable of nucleating a dislocation.
In the case of large misfits, large stress concentrations
can develop as a result of sharp cusps (small p„)without
the need for very large islands (large d), so that these
features represent likely sources for the introduction of
the first dislocations. It is also clear from Fig. 1 that a
cusp can act as a multiple source over a distance of
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FIG. 3. Total energy curves for nucleation of a 60 half loop
in a Sio.56e0.5 alloy as a function of loop radius Rz, . The curves
2 and 8 correspond to the cusp functions C"(Ri, ) and C~(RL, ),
and C is the flat surface solution corresponding to Cc(RL) (see
text). The cusp geometry (d=7 nm, p„=3nm) is appropriate
to Fig. 1. The calculation assumes a =4.
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FIG. 4. The critical geometry G(T) of intersecting (lower
curves) and isolated islands (upper curve) required for the nu-

cleation of 60 half loops. Relevant experimental data points
are superimposed on the curves (see text).
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perhaps 20 nm in the growth direction. Once the critical
geometry is achieved, dislocations will be generated on
closely bunched (111)planes, the rate of nucleation limit-
ed by glide away from the tip. For smaller misfits, it will
take longer to reach the critical cusp geometry, so that
heterogeneous sources will assume a greater importance
[I8].

Although it is clear from Fig. 1 that surface cusps arise
as the intersection lines between coherent islands, we
might also expect isolated islands to evolve in a similar
way, governed by Eq. (2), so that strain accommodation
could proceed as follows. Initially, cusps or isolated is-
lands (half cusps) will develop as a result of gradients in

the surface chemical potential. As discussed earlier, this
evolution is sensitive to growth temperature, deposition
rate, and misfit e and will proceed to accentuate the stress
concentration. If the growth experiment, including de-
tails of post growth quenching, is such that a stable cusp
or island geometry is obtained at the wetting layer before
the critical geometry is reached (Fig. 4), then coherent is-
lands will be formed.

For isolated islands, stress concentrations will develop
close to the island periphery where the surface radius of
curvature pl is at a minimum. The relevant stress con-
centration for an island of height d is 1+Gt(T) 't where
Gt(T) =d/pt. In Fig. 4, we plot as a function of misfit
the critical island geometry Gt(T) [=4G,(T)] at which
we might anticipate the introduction of dislocations.
Large coherent Ge island geometries, as observed by Ea-
glesham and Cerullo [191 (d=50 nm, pt =30 nm), lie
below the 500'C isolated island envelope for a& 0.03 in-
dicating that at least I /o of the misfit is accommodated
by substrate distortion, which is in good agreement with
the 1.5% estimation in Ref. [19]. Dislocations are
presumably introduced into such large islands when the
strain fields of neighboring islands appreciably interact.
In the presence of a greater density of small islands (high
supersaturations), it is interesting to postulate the spon-
taneous nucleation of perfect edge dislocations at the in-
tersection cusps between islands, analogous to the island
edge nucleation mechanism of Vincent for the case of
nonwetting layers [20]. This avoids the difficuity of nu-

cleating lower energy half loops into shallow islands and
explains why perfect edge dislocations are observed when
islanding occurs near to the substrate at high misfits.
This contrasts with the observation of closely bunched
60 dislocations when critical cusps develop far from the
surface. At very low misfits, presumably heterogeneous
sources take over as the first active sources before the
critical cusp geometry develops.

Finally, it is well known that surfactants suppress the
formation of islands during growth due to a reduction in
surface diffusion [21]. This is entirely consistent with our
surface chemical potential model and would prevent the
formation of critical stress concentrations at surface
cusps or isolated islands. It is not therefore surprising

that a completely different strain relaxation mechanism is
observed in the case of surfactant-controlled growth [22].
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