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ABSTRACT

We investigate the influence of strain and dislocations on band alignment in GaSb/GaAs quantum dot systems. Composition profiles from
cross-sectional scanning tunneling microscopy images are interpolated onto a finite element mesh in order to calculate the distribution of g
local elastic strain, which is converted to a spatially varying band alignment using deformation potential theory. Our calculations predict
that dislocation-induced strain relaxation and charging lead to significant local variations in band alignment. Furthermore, misfit strain
induces a transition from a nested (type I) to a staggered (type II) band alignment. Although dislocation-induced strain relaxation prevents
the type I to type II transition, electrostatic charging at dislocations induces the staggered band alignment once again.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0070657

INTRODUCTION

A nested (type I) band alignment, which facilitates electron-
hole recombination, is useful for light-emitting devices. On the other
hand, a staggered (type II) band alignment enables spatial separation
of charge carriers, which is useful for charge-based memory"” and
solar cell devices.”> GaAsSb based quantum structures are predicted
to undergo strain and/or composition-induced transitions from type
I to type II offsets.”* However, there are conflicting reports in the
literature regarding the experimental signature for the type I to type
IT transition,””"” and a predictive framework for the composition
and strain dependence of the band offsets has yet to be developed.
Conventional model solid theory,"® which relates the average atomic
electrostatic potential to the vacuum level, predicts a type I band
alignment for unstrained GaSb/GaAs heterostructures (7% misfit). It
has been suggested that the Sb/Ga beam-equivalent pressure (BEP)
and/or the GaAs surface termination can be used to selectively
nucleate coherently strained vs relaxed QDs."” Furthermore, for
capped QDs, atomic structures ranging from QDs to QD rings to
clusters have been observed.”'*'>*>*! Recently, a combined compu-
tational-experimental approach was used to associate increasing

photoluminescence (PL) emission energies with nanostructure mor-
phologies ranging from QDs to QD rings to 2D layers.” In addition,
Schrodinger-Poisson simulations revealed type II band offsets for
fully-strained GaSb/GaAs QDs and QD rings, with a partial-strain-
relaxation-induced transition from a type II to a type I band offset
for planar GaSb/GaAs heterostructures.”* However, the influence
of partial-strain relaxation and dislocation charging on the band
offsets at non-planar GaSb-based heterostructures has not yet been
reported.

In this work, we use a combined computational-experimental
approach to examine the relative influences of misfit strain, disloca-
tion strain, and dislocation charging on band alignment at the
interfaces surrounding GaSb QDs buried in GaAs. For this
purpose, we utilize XSTM images of buried GaSb/GaAs QDs from
both Ref. 21 [Fig. 1(a)] and those from our studies. These XSTM
images were selected because they contain QDs with sizes and
shapes similar to those typically reported in the literature. Local
elastic strain in the vicinity of a GaSb/GaAs QD is modeled using
morphology and composition profiles as input into a continuum
finite element model. This approach allows us to predict the
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influence of compositional variations on band offsets in the vicinity
of GaSb/GaAs QDs. We assume the presence of misfit dislocations
at the top and bottom interfaces of the QD structure, as expected
for a single-crystal QD buried in a single-crystal matrix.”> We then
use reported deformation potentials® to compute the spatial varia-
tions in band alignment.

Finally, to quantify the charge density distributions, the
Schrodinger equation is solved within the single-particle effective
mass approximation. Our model suggests that dislocation-induced
strain relaxation and charging lead to significant local variations
in the band alignment type and charge density distributions.
Furthermore, misfit strain induces a transition from a nested (type I)
to a staggered (type II) band alignment, consistent with the find-
ings for planar structures in Refs. 7 and 8. The transition is
reversed by dislocation-induced strain relaxation but restored by
electrostatic charging at dislocation cores.

METHODS

In preparation for XSTM, GaSb/GaAs QD heterostructures’
were thinned to ~150 um using conventional mechanical polishing
from the backside, as described in Ref. 24. The samples were cleaved
to expose a (110) surface in an ultra-high vacuum (UHV) chamber
with a base pressure of <4 x 107" Torr. STM was performed with
commercially available Pt/Ir tips, which were cleaned in situ by elec-
tron bombardment. Since flat cleaves typically occur in the vicinity
of the QD center, where the strain fields are highest, minimal surface
height variations are expected in the XSTM image field of the view.”*
In addition, the GaAs (110) surface does not reconstruct; thus,
surface electronic states are not expected.”” Since we focus on the
contributions of composition and strain to the band alignment,
we make the simplifying assumption that the contrast in the
constant-current STM images is due to variations in the GaSbyAs;_y
alloy composition, x, within GaSb-rich QDs.

Figure 1(a) shows a constant-current XSTM image in the
vicinity of a GaSb/GaAs QD, with a 1.23 nm tip height color range
displayed, with bright and dark regions corresponding to a
GaSb-rich QD and GaAs matrix, respectively. The image was col-
lected with a sample bias voltage of —2.6 V.”* Similarly, XSTM
images in Ref. 21 were collected at sample bias voltages in the
range —2.5 to —4.0 V. These imaging conditions are relatively
insensitive to electronic contrast, and similar band alignment
predictions were obtained for both our image and the image from
Ref. 21. For simplicity, we limit discussion to our image shown in
Fig. 1(a). To differentiate GaSb-rich QDs and GaAs, we estimate a
tip height criterion as follows. Bright regions with maximum tip
heights >4.9 A above the GaAs background were considered to be
pure GaSb. Tip heights <4.9 A above the GaAs background were
considered GaAs;_,Sby alloys, where the composition value x was
approximated by assuming a linear interpolation of the tip height
values from GaAs and GaSb. It is interesting to note that varia-
tions in composition (x) are observed both within and outside of
the QDs, as indicated by arrows in Fig. 1(a). Inhomogeneous
composition is also observed outside of the QD, i.e., “exterior” Sb
clusters, positioned at the corners of Fig. 1, similar to past reports
on buried GaSb/GaAs nanostructures.”*"**” In Fig. 1(b), pixels
with tip height up to 4.9+ 0.5 A above the GaAs background are
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FIG. 1. (a) Cross-sectional scanning tunneling microscopy (XSTM) image,
acquired in the vicinity of a GaSb/GaAs quantum dot (QD) using a constant tun-
neling current of 0.25nA and a sample bias voltage of —2.6 V. The tip height
color-scale range displayed is 1.23 nm, with bright and dark regions correspond-
ing to GaSb-rich QD and the GaAs matrix, respectively. Pixels with tip height up
to 4.9+ 0.5 A above the GaAs background in (a) are displayed in (b) with bright
and dark-gray scales corresponding to increasing GaSb fractions, xsp. The
removal of atomic planes in the GaSb-rich QDs is represented by the dislocation
core symbols in (b), and the associated in-plane hydrostatic strain contours are
shown in (c). The net in-plane hydrostatic strain contours, including both the
misfit and dislocation-induced strain, are shown in (d). The red-dotted lines in
(b) indicate paths along which band structure profiles will be presented.

displayed with bright to dark-gray scales attributed to increasing
Sb fractions, xgp, from pure GaAs to pure GaSb (with local misfit
ranging from 0 to 0.07).

To prepare the XSTM image data for input into the continuum
model, the 2D distribution of Sb fractions was converted into a 3D
composition profile using an axisymmetric rotation about the vertical
axis of the QD, including the exterior clusters mentioned above.
Using this 3D map of Sb fractions, we computed 3D profiles of the
effective masses, permittivities, elastic constants, and deformation
potentials, assuming linear interpolations of the values for the binary
compounds GaAs and GaSb shown in Table I. The 3D composition
profile was then interpolated onto a finite element mesh with peri-
odic boundary conditions determined by the average QD separation
in similarly grown samples, ~50 nm."> To consider the influence of
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TABLE I. Continuum model parameters, with mé=9.11 x 107" kg.

Parameters Symbol GaSb  GaAs
Electron effective mass’’ me/m} 0.041  0.067
Hole effective mass’’ mp/my 040 047
Bandgap (eV)" E, 0770 143
Valence band offset (eV)'® AE, -0.67-

a. -75 717
Deformation potential constants (eV)*! a, -0.8 -1.16

b -2.0 -2.0

d —4.7 —4.8
Lattice constant (A)** ae  6.0959 5.65325
Young’s modulus (GPa)"’ E 63.1 85.9

elastic misfit strain, we compute the 3D strain distribution using
the isotropic linear elastic edge dislocation theory,”® with edge dis-
locations spaced 5.5nm apart at the top and bottom QD inter-
faces.”” In this step, for simplicity, we have assumed the elastic
constants to be spatially uniform—taking the average value of the
GaAs and GaSb elastic constants—due to the lack of an analytical
dislocation theory that can account for the full spatial variation;
this simplification has a negligible effect on the results of the
model. We note that this dislocation configuration is predicted to
reduce the total energy of the system,3“ and it has been observed in
capped GaSb/GaAs QDs,”' InAs/GaAs QDs,”” and InSb/GaAs
QDs,” all with similar 7% misfit with respect to GaAs. The
removal of atomic planes in the GaSb-rich QDs is represented by
the dislocation loops in Fig. 1(b), with the associated in-plane
hydrostatic strain contours shown in Fig. 1(c). The net in-plane
hydrostatic ~ strain  contours, including both misfit and
dislocation-induced strain, are shown in Fig. 1(d). We utilized the
net strain 3D distribution to calculate rigid shifts in the VB and CB
edges via the corresponding 3D profile of deformation potentials.
To consider the effects of dislocation charging, we treat Ga dan-
gling bonds along the dislocation core as electron acceptors. We
assume two dangling bonds per lattice site, each with occupancy, sf,
such that the total line charge is |sf(2¢/ag,sp)|- We then compute the
form of the electrostatic potential, V(r), using Poisson’s equation

p(r)
£0&,(r)’

ViV(r) = — (1)

where p(r) is the spatially varying space charge, &, is the permittivity
of free space, and £,(r) is a spatially varying permittivity assumed to
follow the rule of mixtures. Since the total charge in the system must
be zero,™ a space charge density, p,., with equal magnitude and the
opposite sign is induced, according to

sc

Sf (ZqLcare:)
acaspV |

)

where L, is the added length of the two dislocation core center-
lines and V is the total volume of the system. Ultimately, the space
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charge induces a 3D electrostatic potential, which is added as a rigid
shift to the band offset.

Finally, to estimate the confinement induced by the spatially
varying band edge profiles, we solve the steady-state Schrodinger
equation in the effective mass approximation, equivalent to the k-p
approach in a single band formulation. This simple approach is
conveniently formulated using the finite element method and
allows for an estimate of the energy levels and confinement of car-
riers’” and, thus, the effective local band alignment type.

RESULTS AND DISCUSSION

The conduction band (CB) and valence band (VB) edge profiles
calculated along the red-dotted lines, i.e., paths (1-4), in Fig. 1(b),
are shown in Fig. 2 for the cases of (a) unstrained, (b) misfit strain,
and (c-e) both misfit and dislocation strain with various degrees of
dislocation charging: dangling bond site occupancy (d) sf=0.1 and
(e) sf=0.4. Analogous band edge profiles for Smakman’s QD image
(Ref. 21) are presented in Fig. S1 in the supplementary material. To
quantify type I vs type II alignment, we compare the local band
energies along paths (1-4) in Fig. 1(b) to the GaAs matrix band
energies at 1.43 eV (CB) and 0 eV (VB) reference levels. The relative
positioning of these average values (as shown by the black dotted
lines in Fig. 2) approximates the local alignment type. For the
unstrained case in Fig. 2(a), a weak type I alignment is observed for
paths across the QD center (paths 1 and 2), with minimal variations
in band edges across the paths above and below the QD (paths 3
and 4). The CB offset (CBO) and VB offset (VBO), with values of
0.06 and 0.67 eV, are consistent with those predicted by model solid
theory.l'1 In Fig. 2(b), with the introduction of lattice misfit strain, a
type II alignment is observed along paths 1 and 2, with minimal
changes to the CBO and VBO along paths 3 and 4. However, the
strained CBO of 0.2 eV is slightly higher than the measured values
of 0.1 eV for (apparently) strained QDs.”*”’

In Figs. 2(c)-2(e), the influences of dislocation strain and
charging on GaSb/GaAs QD band edge profiles across paths 1-4 in
Fig. 1(b) are considered. For path 1, the dislocation-induced strain
fields reduce the energy of the GaSb CB edge in the vicinity of the
dislocation cores, resulting in a local type I offset. For path 2, the
GaSb CB edge is slightly higher in energy, leading to a lower
average CBO of 0.1eV, consistent with measured values for
QDs*>"” and QD rings.”® For paths 3 and 4, in the vicinity of the
dislocation cores, the CB edge is raised while the VB edge is
lowered. Since the STM images were collected at a relatively “high”
sample bias voltage of —2.6V, the predicted variations in local
VBO at the QD edges are not apparent in these images. Work is in
progress to use sample bias voltages <—1V to enhance the
local-VBO-induced contrast variations in the vicinity of the QD
edges, especially those features associated with strain and disloca-
tion charging.

In Figs. 2(d) and 2(e), the influence of dislocation charging
with dangling bond site occupancies sf=0.1 and sf=0.4, are
shown. For sf=0.1 in Fig. 2(d), the CB and VB profiles along paths
1-4 are very similar to the corresponding values for the calculations
with misfit and dislocations strain in Fig. 2(c). With dislocation
charging increased to sf=0.4, both the CB and VB edges are
reduced in the vicinity of the dislocation cores. Since this additional
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FIG. 2. Band profiles for the cases of (a) unstrained, (b) lattice mismatch strain, (c) dislocation strain, (d) dislocation charging of sf=0.1, and (e) dislocation charging of
sf=0.4 across paths 1-4 from Fig. 1(b). The black dotted lines denote line-averaged band energies across the QD, with the GaAs matrix band energies at 1.43 eV (CB)
and 0 eV (VB) as reference levels. For (a) the unstrained case, a weak type | alignment is observed for paths across the QD center (paths 1 and 2), with smaller band

edge variations across paths above and below the QD (paths 3 and 4). In (b), with the introduction of misfit strain, the CB along paths 1 and 2 is raised, leading to type |l
band alignment; meanwhile, negligible changes to both CB and VB are observed along paths 3 and 4. In (c), with the inclusion of both misfit and dislocation strain, the
band alignment is again type | across paths 1 and 2, with minimal change along paths 3 and 4. In (d), for sf=0.1, the CB and VB values are similar to those in (c).

Finally, in (e), for sf= 0.4, both CB and VB are lowered across paths 14, resulting in type Il band alignments.

electrostatic potential equally displaces the CB and VB edges, the
classification of band alignment type in 1D is not obvious. In addi-
tion, band bending due to the charged dislocation cores induces
complex potential profiles that may increase or decrease the spatial
overlap of electron or hole states based on the spatially varying

62:92:ZL €202 1snbny 0g

effective mass. For the higher site occupancy, sf=0.4, the average
band alignment is apparently type II. To confirm this observation,
we consider 3D solutions to the Schrodinger equation.

For an unstrained GaSb/GaAs QD, the normalized ground
state hole and electron charge densities are shown in Fig. 3(a). The

\f%‘@ RS

LD,

o A
0O o '\f
5
0 o

BTS

FIG. 3. Effective mass computations of normalized probability densities for the ground electron and hole states, with darker shading representing higher densities. The top
row shows conduction band solutions, while the bottom row shows valence band solutions for (a) unstrained QDs, (b) with misfit strain, (c) misfit and dislocation strain, (d)
with misfit and dislocation strain plus dislocation charging with dangling bond site occupancy sf= 0.1, and (e) with misfit and dislocation strain plus dislocation charging
with dangling bond site occupancy sf=0.4. Consistent with the band alignment shown in Fig. 2, spatial separation of the conduction band and valence band charge
densities characteristic of type Il band alignment is shown in (b) and (e).
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ground state hole and electron charge densities, calculated with the
inclusion of (b) misfit strain, (c) misfit and dislocation strain, as
well as misfit and dislocation strain plus dislocation charging with
dangling bond site occupancy (d) sf=0.1 and (e) sf=0.4, are also
included in Fig. 3. For the unstrained QD shown in Fig. 3(a), the
ground state charge densities are highest within the center of the
QD, revealing the spatial coexistence of electron and hole states
expected for a type I offset. In Fig. 3(b), the inclusion of misfit
strain induces an increase in hole density within the GaSb-rich QD
and an increase in electron density within the GaAs matrix, leading
to the type II offset described above. As shown in Fig. 3(c), with
the addition of dislocation strain, both electron and hole charge
densities are confined at the GaSb-rich QD/GaAs interface, specifi-
cally between the dislocation cores, consistent with a local type I
band alignment. Similar effects are observed with the addition of
minimal dislocation charging, sf=0.1, as shown in Fig. 3(d).
Finally, with a further increase in dislocation charging to sf=0.4,
the ground state hole density shifts to an exterior GaSb cluster
outside the QD, while the ground state electron density remains
confined between the dislocation cores, leading to the spatial sepa-
ration of electron and hole states expected for a type II offset.

CONCLUSION

In summary, we have investigated the influence of strain and
dislocations on band alignments in GaSb/GaAs QD systems. We
used a combined experimental and computational approach that
permits us to separately consider the contributions of strain and
dislocations. Using composition profiles from XSTM images of
GaSb/GaAs QDs as input into a continuum model, we examine the
effects of misfit strain, dislocation strain, and dislocation charging
on CB and VB edge profiles. For an unstrained GaSb/GaAs QD, a
weak type I band alignment is predicted. With the addition of
misfit strain, a transition to a type II band alignment is observed.
However, the inclusion of additional effects such as dislocation
strain and/or dislocation charging leads to local restorations of type
I and/or type II alignment. Therefore, variations in QD morpholo-
gies and dislocation positions/orientations may be used to tune the
coexistence of local type I and type II band alignments. Further
work is in progress to explore correlations between local QD mor-
phologies, dislocation configurations, and local band alignments in
buried QD ensembles.

SUPPLEMENTARY MATERIAL

See the supplementary material for band edge profiles com-
puted using an XSTM image of the GaSb/GaAs QD structure from
Ref. 21.
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