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Abstract We carried out the kinetic model calculations in order to estimate the nucleation rates for two kinds of half-
loop dislocations in highly strained hetero-epitaxial growths; 60° dislocations and twinning dislocations. The surface
defects and the stress concentration effects were considered in this model, and the remaining elastic strain of the
epilayers with increasing film thickness was taken into account by using the modified Matthews' relation. The calcula-
tions showed that the stress concentration effect at surface imperfections is very important for describing the defect
generation in highly mismatched epitaxial growth. This work also showed that the stress concentration effect deter-
mined the type of dislocation nucleating dominantly at early growth stages in accordance with our XTEM (cross-sec-
tion transmission electron microscopy) defect observation.
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1. Introduction

Many recent advances have been aimed for reducing
the defect density of highly strained InGa(Al) As/
GaAs, GaAs/Si, and SiGe/Si hetero-epitaxial layers
by using a variety of treatments and growth schemes,
post-annealing, SLS (strained layer

growth and compositionally graded
InGaAs buffer growth. However, other evidences have
been reported which shows that the surface smoothness
significantly affects the defect density of the highly
strained heteroepitaxy.” This suggests that defect nu-
cleation is related to the epilayer surface condition in
the early stage of growth. Although considerable theo-
retical work has been performed to understand the dis-
location nucleation mechanism in the coherent strained
system, they have focused mainly on a calculation of
the equilibrium critical thickness, such as the studies by
van der Merwe?, Matthews and Blakeslee® and Fritz.”
The prediction of the critical thickness is very impor-
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tant because the performance of some modern devices,
such as QW (quantum well) devices and high speed
FET (field effect transistor), is very sensitive to the
density of structural defects and the resulting electron-
ic defects. However, as the mismatch between the
epilayers and the substrates becomes larger, dislocation
formation can not follow the equilibrium mechanics.
Moreover, since the highly strained epilayer nucleates
and grows in a 3D mode, surface imperfections of the
epilayer surface must be considered.

A kinetic model of the half-loop nucleation was sug-
gested by Dodson® for the calculation of equilibrium
critical thickness. We develop this model for the highly
strained hetero-epitaixal system in order to investigate
the role of the surface roughness and to examine the
mechanism of stacking fault formation. This study in-
cludes theoretical estimations of the nucleation rates
for the 60° perfect dislocations and the pure-edge par-
tial dislocations. We examine how the stress concentra-
tion due to the surface roughness of the initial epilayer
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affects the nucleation kinetics for these two kinds of
dislocations. The stability condition for stacking faults
is also examined through a simple model that is based
upon the difference in work-effect between the glide of
separate partial dislocation and the recombination proc-
ess of two partial dislocations to form a perfect disloca-
tion.

2. Energy balance in dislocation nucleation in highly
strained epilayers

As was suggested by the previous dislocation nuclea-
tion mechanisms, the major dislocation nucleation
sources for the highly strained epitaxial systems, such
as GaAs/Si and In,Gai-.As/GaAs, are most probably
provided from the top surface of the epilayers.® The
substrates can provide some portion of them, however
most of misfit dislocations nucleate at the top surface
for producing the high density of threading dislocations.
If we consider the growing top surface of the epilayer
as an imaginary reservoir for an infinite number of dis-
locations, then the half-loop dislocation nucleation from
the top surface becomes one of the most probable mech-
anisms. In this model, we consider the surface imperfec-
tions as heterogeneous nucleation sites, and estimated
the nucleation efficiency during the growth.

Based upon continuum elasticity, we can express the
total energy change, 4E ..., due to a half-loop nuclea-
tion as:

AEwul= AEloop_AEwork+ AEI‘qul (1)

where 4dEi0p is the half-loop energy, dEwon is the
amount of work done by the expansion of the half-loop
and 4Eq. is the stacking fault energy created by the
expansion of an imperfect dislocation. Each energy con-
tribution in equation 1 is expressed in the following
equations. The half-loop energy consists of the half-
loop strain energy, E4, and the energy change due to the
surface step annihilation:

AEloop= AEd_z P)ﬁnbsina (2—a)

2 —
B, =2V o (14 51n(p /b))

=81-v (2-b)

where the elastic properties of the epilayer are as-
sumed to be isotropic, t is the shear modulus of the
film, b is the magnitude of the Burgers vector, v is the
Poisson ratio, # is the radius of half-loop, 71" is the
{111} surface energy, and e is the angle between the
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Fig. 1. Plots of the dislocation energy versus the half-loop radi-
us. Three different expressions are shown for the elastic energy
of half-loop dislocations.

Substrate _

Fig. 2. A schematic illustration of two kinds of the dislocation
nucleations; homogeneous and heterogeneous nucleations

Burgers vector direction and the line vector direction of
the dislocation. Dodson® estimated the strain energy for
the half-loop dislocation as simply a half of the circular
loop dislocation in the bulk crystal. Compared to a more
careful estimation of the half-loop energy by Barnett®,
Dodson’s half-loop energy is an over-estimate, as
shown in figure 1. Barnett’s estimation may be correct,
but it has negative values in the wider range of small
half-loop radius (1~16A), as shown in the zoomed
view of figure 1. Therefore, this expression is not prop-
er in estimating the half-loop energy at small radius.
We use the correction factor, ¢ (=0.403), in a modified
Dodson’s expression. This not only allows Dodson’s esti-
mate to fit the Barnett’s curve over the entire range of
half-loop radius but also reduces the range of negative
4Eq at small radius. Dodson also thought that the nucle-
ation of a dislocation on the flat surface creates a new
surface step. However, the nucleation at a surface
ledge, which eliminates a surface step, must be
energetically favored. This type of heterogeneous nucle-
ation for the dislocation nucleation is described in a
schematic of the figure 2. The effect of heterogeneous
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nucleation is expressed by the second negative term in
equation 2-a. The amount of work done by the expan-
sion of the half-loop is given by:

B von= fzbds = 7bK £P 2(1+1) (1-1) ~lcosdeos A
(3)

where 7 is the shear stress acting on the dislocation
loop, K is a stress concentration factor which reflects
the ratio between the built-up local stress at the sur-
face notch and remote stress in the bulk region of the
film, €is the remaining elastic strain in the film, ¢ is the
angle between the surface normal and the normal to
the slip plane and A is the angle between the surface
normal and the slip direction. If the half-loop is an im-
perfect dislocation, we have an additional energy in-
crease, such as:

AEsucking faun— T p 27[/2 (4)

where 7,” is the stacking fault energy.
3. Nudleation kinetics for two kinds of dislocations

Figure 3 shows the total energy change due to the
dislocation nucleation versus the radius of the half-loop
for two different types of the dislocations; 60° and
pure-edge partial (twinning dislocation) in a typical
system of GaAs/Si. In figure 3, we arbitrarily take the
remaining compressive strain in the GaAs layer as 0.
03, which is only ~25% smaller than the initial misfit
strain of 0.04, and use two stress concentration factors
of K=1 and 5. The calculations are shown in figure 3,
and these exhibit two results. First, the half-loop nucle-
ation from the stress concentrated region (K=5) has a
much lower activation energy, E*, than that from a flat
surface (K=1). Thus, the nucleation rate, which is pro-
portional to exp (-E*/kT), in a stress-concentrated re-
gion is much faster than in the flat surface. For exam-
ple, the junction of island coalescence can provide these
sites at the early stages of the epilaxial growths. If we
consider 60° dislocation nucleation at an ideal flat sur-
face, ~100eV of E* atr=70 A half loop radius. This is
a very high activation energy, and it leads to an very
small nucleation rate compared to the real case. Sec-
ond, the nucleation rate of the pure-edge partial dislo-
cations creating stacking faults in the epilayer is much
faster than that of the perfect 60° dislocation in the
early stage of the strain relaxation (€=0.03). This
comes from the fact that, when the strain of the film is
not sufficiently relaxed, the effect of total energy in-
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Fig. 3. Plots of the calculated energy change vs the half-loop
radius for the dislocation nucleations at two different surface
conditions (K=1 and 5)

crease, which is due to the stacking fault formation
caused by partial dislocation expansion, is much smaller
than the energy required for half-loop expansion.

In order to examine which type of dislocation plays a
major role in relaxing the misfit strain at the early
growth stage, it is important to calculate the activation
energy variation with film thickness. For this calcula-
tion, we need a relationship between the remaining elas-
tic strain in the film and the film thickness over the en-
tire range of the epilayer layer thickness (1000A for
this work) . Therefore, we can monitor theoretically the
change of nucleation rate for both the twinning disloca-
tions and the 60° dislocations during the growth. If we
follow the continuum treatment of Matthews, we can
derive a following expression for the planar elastic
strain remaining in the film:

e |/ [ Moy |

(5)

e=J6r/M 1m+[ b

z(l-v)

where 7 is the friction stress, M. is the biaxial elas-
tic modulus for the (100) film, g is the shear modulus
of the substrate, h is the film thickness, and 8(=0.701)
is a constant. The friction stress, 7, can be scaled as
My, where m is an empirical constant. We utilized
equation 5 to obtain a fit to our experimental data that
were produced by the laser wafer curvature measure-
ments. Figure 4 shows that the curve with a negligible
contribution of friction stress (m=10°% agrees best
with the experimental data. The friction stress is re-
garded as an initial stress which is required to initiate
the dislocation motion under a given stress state. The
higher friction stress is present in a crystal, the wider
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Fig. 4. Plots of the residual strain vs the epilayer thickness for
GaAs/Si hetero-epitaxy. Measured strain of the film is plotted
with open squares.

range of elastic strain allows the metastable state for
the dislocation nucleation.'”

As shown in figure 3, both the perfect 60° dislocation
and the twinning dislocation have each critical radii of
half-loops, €. and activation energies, E*, for their nu-
cleation. The critical radii of these half-loops are calcu-
lated by setting the derivative of energy with respect to
£ to zero in equation 2-a. The activation energy is ob-

tained from equation 6 using this critical radius, £ ..

E* = AEIOOD(PE)_AEwork(pC) +AEsmcking fault(Pc)
6)

Perfect 60° dislocations do not require the third term,
AB sacking ran( P o, since it does not produce the stacking
fault. The calculated activation energies for two kinds
of the dislocations versus the epilayer thickness are
shown in figure 5. We used the fitted data of the re-
maining elastic strain, & versus the GaAs film thick-
ness in figure 4 for this calculation. As shown in figure
5, the half-loop nucleation is strongly preferred at
stress concentrated regions. If the source of the stress
concentration comes from the surface-notch with a
depth, C and tip radius, R, the stress concentration fac-
tor, K, is expressed as 2(C/R)"%'" The sharpest sur-
face notch formed by the initial island coalescence can
have a radius at the notch tip, which is comparable with
the lattice parameter of epilayer crystal. For example,
if two 150 A tall GaAs islands coalesce, a local stress of
five times larger than the applied remote stress is built
up at the junction. This stress concentration (K=>5)
can have much lower activation energy than at the flat
surface (K =1), as shown in figure. 5. Impurity clusters
on the film can be the stress concentration sites for
activating heterogeneous nucleation, as discussed by
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Fig. 5. Plots of the activation energy versus the epilayer thick-
ness for half-loop dislocation nucleations in GaAs/Si hetero-
epitaxy. Activation energies were calculated for the two kinds
of dislocations (60° and pure-edge partial) at two different sur-
face conditions (K=1 and 5).

Dodson.®
4. Stacking fault formation at surface defects

As Pirouz suggested'®, the stacking faults can be
formed simply by the wrong arrangement of atoms on
(111) facets of the 3D islands in the early stage of
growth. However, our calculated results suggests that
the slips of pure-edge partial dislocations play a major
role in stacking fault formation and relax misfit strain
at early stages of the growth. In the stress concentrated
region (K=5), the calculations show smaller activation
energy for the nucleation of pure-edge partial disloca-
tion than for perfect 60° dislocation over the entire
1000A InGaAs layer thickness. On the flat surface (K
=1), the partial dislocations nucleate faster than the
60° dislocations at a thickness less than 380 A. At larg-
er thickness, the 60° dislocations will nucleate faster.
This transition at film thickness of 380A can be ex-
plained as follows. When the remaining elastic strain is
large with small film thickness, the stacking fault ener-
gy is negligibly small compared to the amount of work
done by any type of dislocations, thus the pure-edge
partial dislocations nucleates faster due to their larger
work-effect. After the film thickness reaches this tran-
sitional point, the stacking fault energy becomes more
significant than before. This is because the amount of
energy released from dislocation glides decreases with
the film thickness. A bove this thickness, the 60° disloca-
tions start to nucleate faster than the pure edge partial
dislocations.

The transition thickness has the following signifi-
cance. Below a thickness of the strained epilayer, huge
misfit stress drives faster nucleation of the partial dislo-
cations, specially at the surface imperfections. Above
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Fig. 6. Cross-section TEM images of the 1000A thick GaAs/Si sample. A series of stacking faults
are observed at the surface notches, but very few in the flat regions.

the transition thickness, the epilayer already relaxed
rmuch amount of the misfit strain. Therefore, the 60°
dislocations start to nucleate dominantly during the fur-
ther growth. However, at stress concentrated regions,
the nucleation of pure-edge partial dislocations and the
stacking fault formation is dominant although the
epilayer thickness becomes larger than the transitional
thickness. This phenomenon clearly coincides with our
observation in the cross-section TEM micrograph of
figure 6. 1000 A thick GaAs/Si samples were grown by
MBE (molecular beam epitaxy) at 300C and at a
growth rate of 0.3m/hr. A concentration of stacking
faults is clearly observed at the surface notches, but
very few in the flat regions. The morphology of these
stacked stacking faults also indicates that they are pro-
duced from the nucleations of partial dislocations. If we
consider these surface notches as the junctions of island
coalescences, the “/1” shapes of these stacked stacking
faults could not arise from the mis-stacking of atoms
on the island (111) facets but from the nucleation by
partial dislocations.

5. Stacking fault stability

In the previous section, we discussed the nucleation
kinetics for two kinds of the dislocations. Although nu-
cleation kinetics determines which kind of dislocation
nucleates faster, it does not describe the stability of the

resulting stacking faults after the nucleations. We pos-
tulate the two simple situations in figure 7, where two
successive dislocations glide into the fec crystals, Fig-
ure 7(a) shows the glide of a pure-edge partial disloca-
tion by an infinitesimal distance, 4x, into the crystal
where the same kind of dislocation is present on the
adjacent glide plane. The energy increment, AdEg, pro-
duced by this process is given by:

AEg = 1dx-rb,dx 7

where 7 is the resolved shear stress applied to a disloca-
tion and b, is the magnitude of the Burgers vector, 1/6
[112], for a pure-edge partial dislocation. Therefore,
we obtain the driving force for successive stacking
fault formation, Fy, whichis:

st:-%l=“7r+ b, (8)

Figure 7 (b} shows the glide of a 30° partial disloca-
tion with an infinitesimal distance, 4x, on a slip plane
which is swept by a pure-edge partial dislocation. The
glide of the following 30° dislocation eliminates the
stacking fault formed by the leading pure-edge partial
dislocation. The incremental energy, 4Eg, and the driv-
ing force, Fe, for this process are given by:
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Fig. 7. Schematic illustrations of (a) the successive stacking
fault formations due to glide of two edge partial dislocations and
(b) the stacking fault annihilations involving the recombination
of edge and 30° partial dislocations in a strained fcc crystal.

AE &= -7:4x-1bsdx/2 (9)

Feo= ——A—LE—;9= 7i+Tby/2

(10)
where by is the magnitude of Burgers vector, 1/6[-
121], for the 30° partial dislocation. If this process has
a larger driving force than that of the process described
in figure 7(a), the stacking fault produced by pure-
edge partial dislocation will be eliminated by the recom-
bination of the two partial dislocations, such as 1/6
[112] + 1/6[-121] = 1/2[011]. This reaction creates
a perfect 60° dislocation. The magnitudes of the driving
force for these two processes depend on both the crystal
stacking fault energy, 7:;, and the applied shear stress,
T.

Figure 8(a) and (b) show the schematic plots of the
driving forces for these two processes versus the stack-
ing fault energy and the applied shear stress. Figure 8
(a) agrees with the common sense argument that the
stacking fault becomes less stable for the crystals with
higher stacking fault energy. However, the stability of
the stacking fault also depends on the shear stress ap-
plied to crystal, as shown in figure 8 (b) . There exists a
critical shear stress, .., above which the stacking fault
is stable in a crystal with stacking fault energy, 7+ This
critical shear stress can be expressed as 47:/b, where b

F, driving torce

60°

stable unstable

-

—
Yert \ ¥, stacking fault energy
Fy

F, driving force

1, resolved shear stress

Fig. 8. Schematic plots of the driving forces for the stable stack-
ing fault formation versus (a) the crystal stacking fault energy
and (b) the resolved shear stress applied to an edge partial dislo-
cation.

is the magnitude of Burgers vector for the partial dislo-
cation. If we substitute a value of y; for GaAs crystal,
we obtain a value of ~0.9 GPa at this critical shear
stress. The unrelaxed resolved shear stress of 7 applied
to the dislocation is given by:

T = cosPcos A M e (11)

where ¢ is the angle between the surface normal and
the normal to the slip plane, A is the angle between the
surface normal and the slip direction, M, is the biaxial
elastic modulus for the (100) epilayer film and e is the
remaining elastic strain in the film. Since the unrelaxed
misfit strain between the epilayer and the substrate is
0.04 for the case of GaAs/Si system, the resolved shear
stress is 2.3 GPa. Therefore, stacking faults formed
during the initial growth stage of this system are locat-
ed within the stable region shown in figure 8 (b). If we
substitute t in equation(11) for the critical shear stress,
0.9 GPa, we have 0.0156 for the remaining elastic
strain, & This means that stacking faults produced by
pure-edge partial dislocations are not eliminated by re-
combination until 61 % of the initial misfit strain in the
GaAs film is relieved. If we assume that the elastic
strain versus GaAs film thickness follows the curve fit-
ted in figure 2, the stability of stacking faults is main-
tained until a 100 A thick GaAs film is grown. This sta-
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ble thickness is, however, larger at the surface notch be-
cause it increases with the magnitude of stress concen-
tration factor. A surface notch gives a stress concentra-
tion factor of 5, then the unrelaxed shear stress be-
comes 11.5 GPa within this region. Therefore, the
stacking fault needs a 92 % relaxation of initial misfit
strain before it becomes unstable. This yields a thick-
ness of a 800 A thickness for a GaAs film. The stacking
fault nucleated from the highly stress concentrated re-
gion can be stable up to much larger film thickness.

Although this model is too simple to include all details
of the strain relaxation phenomena in highly strained
hetero-epitaxial growth, it explains why the high densi-
ty of stacking faults is observed only within the limited
area close to the interface region of the epilayers. The
high density of stacking faults at the surface grooves,
as observed in the TEM micrograph, is supposed to be
related to this phenomenon.

6. Conclusions

We carried out kinetic model calculations for the dis-
location nucleations in highly strained hetero-epitaxial
systems and investigated the role of pure-edge disloca -
tions in stacking fault formation. The activation ener-
gies for the nucleations of 60° and pure-edge partial
dislocations were calculated with the epilayer thickness.
At stress concentrated regions, the calculated results
showed that the pure-edge partial dislocations nucleate
much faster. The nucleations at flat surfaces proceed in
two steps; the faster nucleation of the pure-edge par-
tial dislocations at early growth stage, and the faster
nucleation of the perfect dislocations after the transi-
tion film thickness. The GaAs/Si heteroepitaxial layers
were examined by the XTEM and showed the concen-
trations of the stacking faults at surface notches pro-
duced by the partial dislocations.

We proposed a stability model for the stacking faults

in the strained fcc crystals which suggests that the sta-
bility of stacking faults depends strongly on the surface
roughness and the stress concentration. The stress con-
centration contributes not only to the nucleation rate of
stacking faults, but also to the stable film thickness of
the stable stacking fault formation.
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