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The strain distribution in single and double self-assembled InAs/GaAs quantum dots is theoretically
investigated by using a valence-force-field model. The results show strong influence of the capping
conditions on the strain distribution in individual and stacked dots with wetting layers. In particular,
the intermixing of atoms is incorporated into the strain calculations, leading to a conclusion that the
atomic intermixing can notably modify the strain profiles near the interfaces of the stacked dot
system. © 2008 American Institute of Physics. [DOL: 10.1063/1.2841065]

Self-assembled quantum dots (QDs) have been exten-
sively studied in recent years due to their potential applica-
tions in a variety of optoelectronic and photonic devices. As
these QDs are formed by the strain in Stranski—Krastanow
growth processes, the strain plays an essential role in the
spontaneous formation of self-assembled QDs and a detailed
knowledge of the strain distribution is helpful for the devel-
opment of high quality and uniform QDs.'” On the other
hand, electronic structures and optical properties of the dots
are also affected by the strain and, thus, strain control is
regarded as an important means to modify emissive wave-
lengths of dots to meet the application.4 Changing the growth
conditions of the capping layers (CLs) is a common method
to tailor the strain distribution within and around the QDs4’5
and, thus, the optical properties.ﬁ’8 Moreover, atomic inter-
diffusion during both the growth of dots and barrier/capping
layers and the postgrowth thermal annealing processes have
significant influences on the strain, morphologies, and optical
properties of self-assembled QDs.” ™" Therefore, it is highly
desirable to gain a better understanding of the strain in the
self-assembled QD systems. While precise experimental de-
termination of the strain in nanometer scale QD systems re-
mains challenging,14 at the moment, numerical simulation is
a major approach to analyze the strain in QD systems. The
valence-force-field (VFF) model' is recognized as a power-
ful method for the strain calculation since it overcomes the
disadvantages of the analytic method'® and can be applied
to cases under extreme circumstances such as high
pressure:.lL22 However, most of the applications focused on
buried QD systems and did not take composition mixing into
account. In this letter, we employ the VFF model with the
Keating potential15 to calculate the strain distribution in self-
assembled InAs/GaAs QD systems with different capping
conditions and intermixing composition profile. We find that
the composition intermixing smears the sharp features of the
strain profile within the thickness of the order of the diffu-
sion length near the interface. For stacked dot systems, the
individual strain components in the upper QD is found quite
sensitive to the thickness of spacing layer (SL), while the
lower one is not. The CL above the upper QD affects both
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the upper and lower dots but some strain components in the
lower QD remain almost unaffected.

It has been well recognized that there is a strong com-
position intermixing between QDs and surrounding matrix
during the thermal annealing process”’lz’23 and even the
growth of CL.’ To take this effect into account, we need to
determine the spatial redistribution of the composition after
the thermal annealing using the standard diffusion equation,
(9/90)n(r,1)=DV?n(r,1), where D is the diffusion coefficient
and n(r,r) is the composition of InAs at position r for the
diffusion time ¢. The initial condition of the equation is de-
fined as n(r,0)=1 at all sites inside the QD and wetting layer
(WL). By introducing a new variable [ =\2Dt, the diffusion
equation can be transformed to (1/0)[dn(r,1)/dl]=V?n(r,1).
For a given diffusion length L, corresponding to the diffusion
time T=L?/2D, the composition distribution can be obtained.
After the composition redistribution is determined, the
spatial-site dependency of the strain-related material param-
eters is calculated. Finally, the VFF calculation can be car-
ried out.

According to the Keating’s VFF model,"” the strain en-
ergy can be expressed as a function of atomic positions. For
GaAs and InAs which have zinc blende crystalline structure,
the strain energy can be written as"

Ig3a ;i o
V=T g

2
+l > §£2<r;r{1+ ldé) , (1)
2,55+ 84y 3
where r; (i=1,2,3,4) is the ith vector between different
atoms in the tetrahedral unit cell labeled by n, d,, is the equi-
librium interatomic bond length, and « and S are the bond-
stretching and bond-bending force constants, respectively. «
and B can be related with the quantities shown in Table I as

TABLE I. Material parameters used in the present calculations (Ref. 18).

Quantity Units Values for In,Ga,_,As
ag nm 0.565 03+0.040 50x
Cy GPa 118.8-35.5x
Cp GPa 53.8-8.5x
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FIG. 1. (Color online) A sketch of the atom positions in the individual InAs
QD. Left: a surface QD; middle: buried; right: partially capped.

a=(Cy,+3Co)dy/\3, B=(Cyy=Cr)dy/\3, and dy=ag\3/4.
The positions of all the atoms are determined by minimizing
the total strain energy. After all the atomic positions are ob-
tained, the strain distribution can be calculated." In our cal-
culations, InAs QDs are assumed to have a truncated pyra-

mid shape with faces along [101], [101], [011], and [011] In
addition, one monolayer of uniform InAs WL is taken into
account. The base length and height of InAs QDs are set as
b=12 nm and h=4 nm, respectively. The x, y, and z axes are
set to be parallel to the [100], [010], and [001] directions,
respectively. We have not observed unphysical oscillating so-
lutions in our calculations.”

Before presenting quantitative results, let us try to get a
qualitative understanding of the strain. Figure 1 schemati-
cally shows the cross sections of the surface, buried and
partially capped QDs. The solid points represent the posi-
tions of the In atoms in the QD and WL. Note that the strains
are appropriately exaggerated for clarity. Because the lattice
constant of the InAs WL is larger than that of the GaAs
substrate material, the WL thus suffers a laterally compres-
sive strain and then becomes arched upward to release its
stress for the uncapped case (surface QD). In addition, it also
results in that (1) the GaAs beneath the arch region of the
WL is strained (i.e., laterally compressive and vertically ten-
sile) and (2) the strain in the QD layers near the WL shares
the same strain characteristics as the WL. Because of the free
surface of an uncapped QD, the strain in the QD will relax
gradually along the z direction. However, some differences
in the strain distribution emerge when the QD is buried in-
side the GaAs matrix, which include: (1) the WL is no longer
arched upward but downward because the QD suffered a
large downward force exerted by the GaAs material above it,
making the material under it compressed, (2) the strain in the
QD cannot freely relax, and (3) the capping material near the
QD top is vertically compressed and laterally stretched.
Clearly, for the partially capped QD, the strain is somewhat
like the intermediate situation between the two cases dis-
cussed above.

Figure 2(a) shows the strain profiles along the z axis of
an InAs QD capped by GaAs CL with different thicknesses.
In the QD region, the vertically tensile strain, which origi-
nates from the lateral compressive strain in the WL, becomes
smaller with increasing CL thickness, while the lateral strain
becomes more apparent due to the larger force exerted by the
thicker capping material on the side facets. The hydrostatic
strain, i.e., Tr[e], in the QD is compressive, and its absolute
value increases as the CL thickness increases. It is interesting
to note that the strain in the CL is very sensitive to its thick-
ness. The lateral and hydrostatic strains in the CL rapidly
decrease with the increase of the CL thickness. Figure 2(b)
shows the strain profiles along the z axis of an InAs QD
system capped by the In,Ga,_,As capping materials with dif-
ferent compositions. Because the lattice mismatch between
InAs and In,Ga;_,As is not as large as that between InAs and
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FIG. 2. (Color online) (a) Strain profiles along the z axis in the QD system
for different CL thicknesses. The solid, dashed, dash-dotted, and dotted
curves correspond to the cases with the CL thicknesses of cl=0, 24, 4a;,
and infinity, respectively. Here, a;=0.565 nm is the lattice constant of GaAs.
(b) Strain profiles along the z axis in the QD system with the In,Ga,_,As
capping materials having a fixed thickness of cl=4a;. The solid, dashed, and
dotted curves correspond to the cases with the uniform InAs compositions of
x=0, 0.4, and 1, respectively. The base length and height of the QD are
b=12 nm and h=4 nm, respectively.

GaAs, the more InAs composition in the CL, the larger ver-
tical strain and the smaller hydrostatic strain in the QD,
while change of the lateral strain is relatively very small.
When the composition of InAs in the CL approaches to 1, the
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FIG. 3. (Color online) (a) Strain profiles along the z axis in the stacked QD
system with the GaAs CL thickness of cl=4a, for different SL thicknesses.
The dashed, dotted, and solid curves correspond to the cases with the SL
thicknesses of d=2a,, 4a,, and infinity, respectively. (b) Strain profiles
along the z axis in the stacked QD system with the SL thickness of d=4aq,
for different CL thicknesses. The solid, dashed, dash-dotted, and dotted
curves correspond to the cases with the CL thicknesses of cl=0, 2a;, 44,
and infinity, respectively. Other QD parameters are the same as before.
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FIG. 4. (Color online) Contour plot of the hydrostatic strains on the y-z
plane in the stacked QD system without (left plot) and with (right plot)
composition intermixing. The diffusion length L=2a, is chosen to be equal
to the thickness of the SL. Other QD parameters are the same as before.

strain distribution in the QD is reduced to that in a surface
QD.

Figure 3(a) shows the strain profiles along the z axis of
two stacked InAs QDs separated by the GaAs SL with dif-
ferent thicknesses. The SL thickness is defined as the dis-
tance between the top of the lower QD and the bottom of the
upper WL. Due to the coupling between the strain fields of
the two QDs,24’25 the strain profiles in the upper QD are
much sensitive to the variation of the SL thickness than the
lower one. The lower QD exerts an upward force on the SL,
resulting in deformation of the SL and suppression of the
strains in the upper QD region. In contrast with the upper
QD, the strain profiles in the lower QD are much insensitive
to the change of the SL thickness. Figure 3(b) shows the
strain profiles along the z axis of stacked double dot systems
with different GaAs CL thicknesses. The thicker CL means
more downward force exerted by the capping material so that
the tensile vertical strain in both the upper and lower QDs
decreases and the compressive vertical strain in the SL in-
creases. The variation of hydrostatic strain in the upper QD
is like the case of the single QD discussed earlier. However,
the lateral strain in the lower QD does not change much.
When the atomic interdiffusion is taken into account, the
strain profiles of the coupled QD system will be strongly
influenced if the diffusion length is comparable with the
thickness of the SL. Figure 4 shows a comparison of the
hydrostatic strain on the y-z plane in the stacked QD system
without and with interdiffusion. The diffusion length is set
equal to the SL thickness. It is seen that the atomic interdif-
fusion greatly modifies the strain profile of the stacked QD
system. In particular, the interdiffusion almost irons out the
sharp features in the strain distribution at the interfaces. In-
deed, the thermally induced atomic interdiffusion is shown to

Appl. Phys. Lett. 92, 083112 (2008)

be an efficient way to alter the strain distribution and even
electronic structures of self-assembled QDs.

In summary, the strain distribution in InAs/GaAs self-
assembled QD systems have been investigated using Keat-
ing’s VFF model. The results show that the capping condi-
tions as well as the atomic interdiffusion have great impact
on the strain profiles of individual and stacked QD system,
which are valuable for the controlled growth and device de-
sign of self-assembled QDs.
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