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to quasiparticle energy levels of strained InAs/InP quantum dot
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Results of first-principles full potential calculations of absolute position of valence and conduction
energy bands as a function of (001) biaxial strain are reported for group IITA-VA (InAs, GaAs, InP)
and group [IB-VIA (CdTe, ZnTe) semiconductors. Our computational procedure is based on the
Kohn—Sham form of density functional theory (KS DFT), local spin density approximation (LSDA),
variational treatment of spin-orbital coupling, and augmented plane wave plus local orbitals method
(APW +10). The band energies are evaluated at lattice constants obtained from KS DFT total energy
as well as from elastic free energy. The conduction band energies are corrected with a rigid shift to
account for the LSDA band gap error. The dependence of band energies on strain is fitted to
polynomial of third degree and results are available for parameterization of biaxial strain coupling
in empirical tight-binding models of IIIA-VA and IIB-VIA self-assembled quantum dots (SAQDs).
The strain effects on the quasiparticle energy levels of InAs/InP SAQD are illustrated with empirical

atomistic tight-binding calculations. © 2010 American Institute of Physics.

[doi:10.1063/1.3406144]

I. INTRODUCTION

Energies of band edges as a function of strain, absolute
deformation potentials, and band offsets are important pa-
rameters for the design of semiconductor devices. In k-p
theory, these parameters enter Bir—Pikus Hamiltonian' and
determine, together with “effective masses,” quasiparticle
levels in strained systems with quantum confinement such as
self-assembled quantum dots (SAQDs).>?

In empirical tight-binding (ETB) method,® TB param-
eters have to be modified™® to account for the strain-induced
displacement of ions from the equilibrium “bulk™ positions.
In the case when biaxial strain is important, for example, for
SAQDs grown by the molecular beam epitaxy on a semicon-
ductor substrate of different lattice constant, it is natural to fit
TB parameters as to reproduce valence and conduction band
edges as a function of biaxial strain. Due to the lack of reli-
able experimental results for biaxial strain, it has been pro-
posed in Ref. 7 to fit ETB parameters to the band offsets
obtained from density functional®'? calculations.

Much progress has been achieved in calculation of de-
formation potentials,n’15 natural band offsets,lz’B’m’18 and
strain-induced band edges7 from first-principles. It is a com-
mon practice to carry out these calculations using Kohn—
Sham density functional theory (KS DFT).*"°

There are two issues when it comes to calculation of
these quantities with KS DFT. First, there is no a priori
reason to expect KS DFT to yield good quasiparticle
energies.'9 In fact, KS DFT in conjunction with local and
semilocal [local spin density/generalized gradient approxi-
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mation (LSDA/GGA)] exchange-correlation energy func-
tionals is known to severely underestimate band gaps. For
elements including fourth period and beyond, “small LSDA/
GGA DFT band gap” might become even smaller when one
introduces explicit description of relativity due t0? relativis-
tic stabilization of s and p atomic orbitals. Therefore, the
accuracy of band edges and deformation potentials should be
further investigated when implementationsﬂ_23 based on KS
DFT+many-body perturbation theory become more widely
available.

The second issue is a difﬁculty24 surrounding the defini-
tion of the absolute energy scale in the calculations employ-
ing periodic boundary conditions. Progress along these lines
has been recently reported.n’ls’18

The goal of the present work is to enable parameteriza-
tion of ETB Hamiltonian to account for biaxial strain in
quantum dots (QDs). We compute absolute positions (band
edges) of conduction band minimum (CBMin) and three va-
lence bands (heavy hole—HH, light hole—LH, and split-off
band—SO) as a function of biaxial (001) strain for group
IITA-VA (InAs, GaAs, InP) and group IIB-VIA (CdTe,
ZnTe) semiconductors.

Calculation of biaxial strain-modified valence and con-
duction band edges for some group IIIA-VA zinc-blende
semiconductors have already been performed in the past7
including calculations with compressive (InP, InAs) and ten-
sile (GaAs) strain. There is also a great interest in electronic
and optical properties of InAs/InP dots. In particular, InAs/
InP QDs on the nanotemplatezs‘26 show a great potential in
quantum information processing applications such as the
generation of entangled photon pairs on demand.” " As we
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keep in mind an application of ETB procedure to investiga-
tion of InAs QDs in InP and GaAs matrix, we calculate com-
pressive strain band edges for InAs and tensile strain band
edges for InP and GaAs. There is also a lot of interest in
group [IB-VIA QDs (Refs. 31-35) and in this work we
present biaxial strain-modified valence and conduction band
edges for ZnTe/CdTe.

To illustrate the full cycle of modeling of a semiconduc-
tor nanostructure, we calculate quasiparticle energy levels of
a disk-shaped InAs QD in InP matrix with empirical atomis-
tic TB model*®*’ that makes use of biaxial strain-modified
band edges as computed in this work. We calculate and ana-
lyze the evolution of quasiparticle energy levels as the nature
of strain inside the dot changes from hydrostatic to biaxial.
The ETB calculations on group IIB-VIA QDs will be per-
formed in the future.

Atomic units fi=e=m,=1 are used throughout unless
otherwise specified.

Il. COMPUTATIONAL APPROACH

The computational scheme used in this work to compute
the band edges combines the KS DFT (Refs. 8 and 9) in the
LSDA,'? variational treatment of spin-orbital coupling, and
the augmented plane wave plus local orbitals (APW+lo)
method.*®?° Within this scheme, the core levels are treated
fully relativistically and self-consistently in the spherical ap-
proximation, whereas the “valence” states are treated using
second-variational Hamiltonian.***' A detailed analysis of
the relativity effects on the structural and electronic band
structure parameters of InP, GaAs, and InAs semiconductors
will be presented elsewhere.*?

The “relaxed” 1s core levels are used as the absolute
energy reference, therefore, the biaxial deformation potential
of relaxed 1s core levels is neglected. The LSDA calcula-
tions are carried out using PerdeW—Wang43 parameterization
of the correlation energy. The calculations are performed us-
ing “primitive” unit cell with two atoms per cell. Zinc-blende
lattice structure is assumed.

EXC!TING APW +lo program44 is used in all the calcula-
tions. The irreducible wedge of Brillouin zone is sampled
using {8 X 8 X 8} uniform grid of k-points. The local orbitals
and linearization energies are taken from EXCITING database.
In the case of ZnTe and CdTe, we found it absolutely neces-
sary to add to these “default basis sets” additional local or-
bitals of d-type with linearization energy of —0.20 and
—0.35 Hartrees for Zn and Cd, respectively. We employ
muffin-tin spheres of radius Rj;7=2.00-2.25 a.u. The pa-
rameter Ry;r X K., which determines the “size” of the plane
wave basis set in APW+lo calculations is taken to be 8.0—
8.5, where K, gives the kinetic energy cut-off Krznax/ 2.
Table I describes computational parameters used in the
present work.

In general, we follow the computational procedure of
Ref. 7. We consider a range of in-plane (001) lattice con-
stants g;. For a given a;, we perform a series of single-point
KS DFT calculations with the goal of optimizing the out-of-
plane lattice constant a | . We will refer to the DFT-optimized

lattice constant as a?F T, Using a pair of lattice constants
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TABLE 1. Technical parameters employed in APW+lo calculations
with EXCITING program. Rj,;—ion muffin-tin radius (cation, anion);
min{RﬁAT’,RAN’}XKmX—the accuracy parameter; core states—the outer-

most subshell treated in the spherical approximation (anion, cation).

Ryr Core states
Material ~ Cation ~ Anion  min{RSAT,R4M} X K,  Cation  Anion
InP 2.00 2.00 8.0 4s 2p
InAs 2.00 2.00 8.0 4s 3p
GaAs 200 2.00 8.5 3p 3p
ZnTe 2.00 2.00 8.0 3s 4p
CdTe 2.15 2.25 8.5 4s 4p

(a;,a?™), we compute the “absolute” band energies taking
the lowest “relaxed” 1s core states as a reference

Epiisaar(ap = EB(ay,a" ™) - %[ECAT(IS) +Eyy(1s)],

(1)

where B is band’s type (CBMin, HH, LH, and SO), a; and
aljF T are in-plane and out-of-plane DFT-optimized lattice
constants, Eq,7(1s) and E,y,(1s) are relaxed “cation” and
“anion” ls core levels. Depending on the strain type, tensile,
or compressive, the valence band maximum (VBMax) is ei-
ther HH or LH band.

We note that one has to be careful during “band assign-
ment” as LSDA underestimates band gaps. The LSDA band
gap error may result in the wrong energetic order of single-
particle states. For example, in InAs at the equilibrium lattice
constant, the “conduction” Bloch state T'g. lies below the
split-off band I';,. This wrong energetic order has to be cor-
rected. Therefore, as a final step, we apply a rigid energetic
shift* to the conduction and split-off bands to restore the
correct energetic order of bands and to reproduce experimen-
tal I'g, — I'g,. direct band gap and the spin-orbit-splitting en-
ergy Ago=E(l'g,)=E(',).

Alternatively, the out-of-plane lattice constant a; can be
obtained by minimizing elastic free energy46 from equation

2C12

ai}astic = Aoy — A (a” (2)
11

where a,, is equilibrium lattice constant and ¢, and c,; are
experlmental elastic constants. In general, a?’" will differ
from a‘i‘“"c and we obtain two sets of band energies
EBABS 1 (a)) corresponding to a?FT and @™, Tt is not clear
which set of band energies should be used for strain param-
eterization in ETB because the valence force field (VFF)
Keating model,*’ the method of choice for calculation of
stain effects in semiconductor nanostructures, does not prop-
erly treat anharmonicity.48

Finally, we fit our results to the polynomial of third de-
gree for easy integration with ETB

Egﬁiw;fl/&/iBS(Aau) = Cc(Aq)) + Czc(A‘lu)2 + C3C(AaH)3

+ Egap,

glilx?(ifL(Aall) Ciu(Aq) + CZH(AaH) + C3H(Aan)
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TABLE II. Structural parameters of InP, GaAs, InAs, ZnTe, and CdTe semi-
conductors (zinc-blende crystal structure). Relativistic LSDA DFT equilib-
rium lattice constant af,’q* T (angstrom), bulk moduli B (kilobar) and its pres-
sure derivative B’. Absolute deformation potentials for CBMin and VBMax

a$PMim and ayPMe | respectively.
agy” B
Material Method (A)  (kbar) B’ affMin gyBMax
InP APW+lo® 5823 685 44 —559 —0.16
LAPW® 5862 716 48 =571  —041
GaAs APW+lo® 5610 691 44 —816 —091
LAPW* 5649 742 48 —846 —121
InAs APW+lo® 6033 511 46 —600 —0.88
LAPW® 6.051 603 49 —593 —1.00
ZnTe APW+lo® 6000 537 45 —736 —247
L/APW+lo® 6027 557 49
LAPW® 6.030 559 51 —695 —228
CdTe APW+lo® 6406 444 47 =520 —2.24
L/APW+lo® 6421 462 46
LAPW* 6.440 466 49 —509 —2.14
“This work.

PReference 50.
“Reference 14.

Egiiin(Aa) = Cii(Aqy) + Cor(Aqy)* + Cy.(Aqy),

ESB%\égiL(AaH) = C5(Aq) + Cas(Aay)? + Cs5(Aay)’

_AS0>

Aa” =aq— aeq. (3)

lll. RESULTS OF DFT CALCULATIONS

Table II summarizes structural parameters obtained from
our calculations and some LSDA results obtained previously.
The LSDA equilibrium lattice constant aqu T, bulk modulus
B, and its pressure derivative B’ are obtained from a fit to
Murnaghan equation of state.* Table III contains equilib-
rium experimental lattice constant a,, as well as split-off
energy Agp and direct (I's,—T'.) band gap E,,,. Agp and
Eg,, are used in “scissor” operator to restore the correct en-
ergetic order of bands. Table III also contains elastic con-
stants ¢}, and ¢;; used in Eq. (2) to calculate the out-of-plane

lattice constant @,

TABLE III. Parameters used in the calculation of biaxial strain-modified
band positions for InP, GaAs, InAs, ZnTe, and CdTe (zinc-blende structure).
Experimental a,, equilibrium lattice constant (angstrom), spin-orbit splitting
energies Ag, (electron volt), and direct I'y,— I's. band gap E,,, (electron
volt). Agp and Eg,y,

are used with the scissor operator. Elastic constants ¢,
and ¢y, (megabar) used to calculate out-of-plane lattice constants %",

Parameters
agq Aso Egap
Material (A) (eV) (eV) ch Cia
InP 5.869 0.11 1.420 1.022 0.576
GaAs 5.650 0.34 1.520 1.223 0.571
InAs 6.050 0.38 0.420 0.833 0.453
ZnTe 6.089 0.97 2.394 0.713 0.407
CdTe 6.481 0.95 1.600 0.562 0.394
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FIG. 1. Comparison of two calculations of biaxial strain-modified band
edges.

In agreement with established LSDA trend, our equilib-
rium lattice constants are approximately 1% smaller than ex-
perimental lattice constants. Our results compare well to pre-
vious calculations, the remaining discrepancies are attributed
to technical details such as differences in the augmentation
procedures, k-point sampling, the absence of variational
treatment of spin-orbital coupling for valence states in Refs.
14 and 50.

Our results for biaxial strain-modified conduction and
valence band edges are presented in Figs. 1-6. Figure 1
compares our band edges to those of Ref. 7. Figures 2-6
show main results of our calculations for band edges. For
each material, the band edges are shown in such a way that
“the zero energy level” corresponds to the position of
VBMax in the absence of strain. To determine quantum
confinement at the heterojunction interface of two semicon-
ductors one would need an additional piece of information—
the natural band offsets and these can be found in the
literature,'>!13-16-18:31

The agreement between our calculations and calculations
from Ref. 7 for InP [Fig. 1(a)] and GaAs (not shown) is
good. In the case of compressive biaxial strain for InP,
our absolute energies are consistently a little bit lower than
energies from Ref. 7. For example, at ¢,=5.65 A, our
Egiaxiar (@) Egiaxiar (@), Egiaxiac(@)s and Egiixia (@)
are lower by 20 meV, 35 meV, 30 meV, and 20 meV, respec-
tively. The energy “differences” are in very good agreement,
the CBMin-VBMax band gap in two calculations differs by
3 meV. In the case of InAs, our calculations agree very well
with calculations’ for HH and LH bands but there are some
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FIG. 2. Biaxial strain-modified band edges in InP.

discrepancies for CBMin and SO bands. At ¢,=5.65 A, our
CBMin is higher by 85 meV, whereas our SO band is lower
by 75 meV. The CBMin-VBMax gap is larger by 70 meV
(385 meV versus 315 meV). Note that both sets of calcula-
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FIG. 3. Biaxial strain-modified band edges in GaAs.

J. Appl. Phys. 107, 104315 (2010)

800.0 [r T T T T T T T T

no strain

750.0 £ strain
700.0
650.0
600.0

550.0

CBMin InAs [mEV]

500.0

450.0

000 1 1 1 1 1 1 1 1 1
5.655.705.75 5.80 5.85 5.90 5.95 6.00 6.05
InAs in—plane a [A]

—~
Q
=

400.0

T T
no strain

T T
§ra|n

200.0 |

0.0 f

LH

-200.0 |
-400.0 |

-600.0 |

0.0 L1 1 1 1 1 1 1 1 1
5.655.705.755.805.855.905.956.006.05
InAs in—plane a [A]

Valence Band Energies InAs [mEV]

—
O
~

FIG. 4. Biaxial strain-modified band edges in InAs.

tions employ the same Hamiltonian (KS DFT with “local”
exchange correlation and variational treatment of spin-orbital
coupling). The discrepancies in the band edges are due to
differences in the augmentation scheme, sampling of the re-
ciprocal space, and geometry optimization procedure which
result in different values for out-of-plane a” and, hence,
different values for band edges. The strain-modified band
edges and “unstrained” band offsets determine the position
and spacing of quasiparticle energy levels. Therefore, the
uncertainty in determination of these parameters will trans-
late in the uncertainty of quasiparticle levels in strained QDs
and it is not known a priori which set of parameters is better
for the applications. We note that in Ref. 36, Zielinski et al.
investigated the dependence of quasiparticle spectra of a lens
shaped InAs/GaAs QD on the choice of band offsets and
deformation potentials.

Figures 2—4 show biaxial strain-modified band edges for
InP (tensile strain), GaAs (tensile strain), and InAs (compres-
sive strain), respectively. The black solid dots correspond to
band energies computed with (a;,a""") lattice constants. The
energies marked by “stars” correspond to band energies com-
puted with lattice constants (a;,a"*"). The two sets of band
edges are very close, the absolute values of band energies
differ by 10-20 meV at the most. The thick black line in
Figs. 2-4 is a cubic fit (3) through energies computed at
(a;,a" ") lattice constants.

In the unstrained bulk zinc-blende semiconductors InAs,
GaAs, InP, ZnTe, and CdTe, the top of the valence band is
degenerate. As one increases biaxial strain, the LH and HH
bands separate in energy. The tensile biaxial strain (InP,
GaAs, ZnTe) corresponds to the increased overlap between
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FIG. 5. Biaxial strain-modified band edges in ZnTe.

p. atomic orbitals which destabilizes LH compared to HH,
whereas, compressive biaxial strain (InAs, CdTe) decreases
overlap between p, atomic orbitals which results in LH band
stabilization compared to HH band. At the same time, in the
case of tensile (compressive) biaxial strain CBMin decreases
(increases) in energy. As a result, for tensile-strained GaAs,
InP, ZnTe the effective gap between VBMax and CBMin
decreases. For example, the effective gap decreases by 290
meV (940 meV) for InP (GaAs) as the in-plane lattice con-
stant increases from 5.85 A (5.65 A) to, approximately, 6.05
A. In the case of ZnTe, the effective band gap decreases by
460 meV as the in-plane lattice constant increases from 6.09
to 6.48 A. The absolute changes in the effective band gap in
the case of compressive biaxial strain are smaller. In the case
of compressive biaxial strain for InAs (CdTe) the band gap
slightly decreases by, approximately, 40 meV (160 meV) as
the in-plane lattice constant decreases from 6.05 to 5.65 A
(from 6.48 to 6.09 A).

Figures 5 and 6 show biaxial strain-modified band edges
for group IIB—VIA semiconductors ZnTe and CdTe. These
figures qualitatively resemble Figs. 2—4. We note large spin-
orbital split-off energies in the case of ZnTe and CdTe semi-
conductors and strongly nonlinear [Fig. 6(a)] strain-
dependence of CdTe CBMin on the in-plane lattice constant.

Table IV summarizes results of our DFT calculations for
band edges. Table IV shows coefficients obtained from the fit
of biaxial strain-modified band edges to the polynomial of
third degree (3). The fit uses band energies obtained from
DFT-optimized out-of-plane lattice constant aljF ” The values
in the brackets are fit coefficients from Ref. 7. Note that the
agreement between our fit coefficients and those from Ref. 7
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FIG. 6. Biaxial strain-modified band edges in CdTe.

is much better for GaAs then for InAs. In particular, the fit
coefficients are quite different for HH and LH strain-
modified band edges in InAs despite the fact that the results
of two sets of calculations are close [see Fig. 1(b)].

IV. ILLUSTRATION OF STRAIN EFFECTS WITH
EMPIRICAL ATOMISTIC TIGHT-BINDING
CALCULATIONS

The strain distribution modifies confinement potential of
a heterostructure and has a strong influence on the properties
of quasiparticle energy levels.”>™’ In this section, we illus-
trate the importance of strain by considering a disklike InAs
QD in InP matrix and calculating quasiparticle energy levels
and their properties as a function of “strain relieve.”

The empirical atomistic TB calculations are carried out
using QNANO computational platform.3 637 To include strain
in the TB Hamiltonian, the approach similar to that of Jancu
and Boykin is followed™® which makes use of the general-
ized version of the Harrison law. The standard Harrison law
for the TB matrix elements assumes the power law exponent
2.0, which is obtained by comparison with nearly free-
electron model spectra. However, the exponent 2.0 results in
erroneous positive pressure coefficient of the indirect Iy,
— X¢, band gap in sp3s* TB models. By fitting the power law
exponent in the generalized Harrison law, we can reproduce
the biaxial strain-dependence of band edges as calculated in
this work (Fig. 4 for InAs and Fig. 2 for InP) as well as
deformation potentials given in Table II.

The ETB calculations of quasiparticle levels in semicon-
ductor nanostructures involve two steps. The first step is VFF
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TABLE IV. Coefficients obtained from the fit of biaxial strain-modified band edges to the polynomial of third
degree—Eq. (3). The fit uses band energies obtained from DFT-optimized out-of-plane lattice constant. The

values in the brackets are fit coefficients from Ref. 7.

107, 104315 (2010)

Parameters
Material Band Ci, Cy, Cs,
InP CBMin —261.2 —4320.7 7881.6
HH —744.1 1389.9 —2059.4
LH 1128.8 —1829.2 3021.1
SO —440.4 —54.3 —33.0
GaAs CBMin —1570.1 (—1828.7)* —881.9 (469.6)" 1814.3 (—244.9)*
HH —824.7 (—822.6)* 572.4 (533.5)* —257.0 (—151.6)*
LH 553.2 (531.1)* 642.1 (531.6)* —711.0 (—439.6)"
SO —210.8 (475.0)° —1088.2 (—959.9)* 1423.3 (1349.4)*
InAs CBMin —903.9 (—166.3)* —326.6 (2515.7)* 156.5 (4086.9)"
HH —669.7 (—873.7)* 473.8 (—778.3)* 40.3 (—1498.4)"
LH 519.9 (594.3)* 3130.1 (3412.6)" 2254.8 (2842.0)"
SO —242.3 (—53.9)" —3643.6 (—3651.6)" —2393.2 (—2364.5)"
ZnTe CBMin —978.8 —978.8 —503.6
HH —811.5 359.9 —166.6
LH 184.4 —61.9 —362.8
SO —302.5 —372.9 348.5
CdTe CBMin —324.9 912.0 912.0
HH —597.8 467.0 3134
LH 320.1 665.4 263.6
SO —118.3 —11.8 1956.5

“Fit coefficients from Ref. 7.

(Refs. 47 and 58) geometry optimization. The size of the
VFF computational domain should be large enough to ensure
the extinction of strain at VFF domain boundary. VFF energy
expression is iteratively minimized until the convergence cri-
teria are met. The geometry optimization is followed by the
diagonalization of the TB Hamiltonian in a smaller TB do-
main. Convergence of the results should be checked with
respect to both (VFF and TB) domain sizes.

The InAs QD used in our calculations is shown on Fig.
7. The QD has a shape of a disk with height 7=4.5 a and
radius R=10 a (lattice constants), respectively. The center of
the QD is located at As ion. All the space outside the dot is
filled with InP. In VFF and TB calculations, we use disk
geometry with hypr=240 a, Rypr=100 a, hyp=35 a, and
Ry5=25 a. The total number of atoms is 78 X 10% and 0.55
X 10% in VFF and TB domain, respectively. The above pa-
rameters ensure the convergence of energies of the ground
state electron and hole levels within 0.1 meV. The “popula-
tions” of the ground state levels are converged within 0.1%.

FIG. 7. (Color online) Geometry definition of a InAs QD embedded in InP
matrix. The QD has a shape of a disk with height #=4.5 and radius R
=10 a (lattice constants), respectively. The center of the QD is located at As
ion. The top layer is made up of anion (As) ions.

Figure 8 shows the results of our calculation for the
InAs/InP disk dot (Fig. 7)—electron and hole quasiparticle
energies and density isosurfaces of levels (electrons—blue,
holes—red). The quasiparticle spectra of electrons and holes
in the disklike dot resemble that of two-dimensional (2D)
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FIG. 8. (Color online) Electron and hole energy levels and density isosur-
faces (electrons - left, holes - right) in disklike InAs QD in InP matrix. The
disk height and base radius is 7=4.5 and R=10 a, respectively. A percent-
age number at the isosurface picture gives the degree of state’s penetration
into the matrix. The single-particle spectra resembles that of 2D Harmonic
oscillator.
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FIG. 9. Hydrostatic strain profiles Tr(g) = €,,+ €, +€,, along the axis of sym-
metry of disk-shaped InAs/InP QD. Circles— ‘unrelaxed” strain, the ions in
zinc-blende positions corresponding to InP lattice constant. Squares—*“fully
relaxed” strain, the ions in the positions that minimize VFF energy
expression.

harmonic oscillator with the “ground” state of s symmetry
followed by two closely lying “excited” states of p symme-
try, and three levels of d-shell. The small splitting of elec-
tronic p levels is due to the “reduced” atomistic symmetry of
the QD shape.56 A percentage number at the isosurface pic-
ture gives the “population” of a given state outside of the dot
domain and in the matrix. From Fig. 8 it follows that elec-
trons penetrate into the matrix stronger than the holes: 31%—
36% versus 12%—15% which is consistent with the notion of
“light” electrons. The HOMO-LUMO (highest occupied mo-
lecular orbital-lowest unoccupied molecular orbital) gap is
853 meV.

We now investigate the evolution of quasiparticle ener-
gies to those shown on Fig. 8 as a function of strain relieve.
In order to do so, we perform several “partial” VFF geom-
etry optimizations, followed by the calculation of quasiparti-
cle energy levels. To perform a “partial geometry optimiza-
tion,” we simply stop VFF procedure after a given number of
VFF energy minimization iterations. As a “start point,” we
use equilibrium zinc-blende bulk ion positions corresponding
to InP (matrix) lattice constant, i.e., the InAs dot is hydro-
statically strained. The “end point” corresponds to fully op-
timized geometry. Figures 9 and 10 show hydrostatic and
biaxial strain profiles along the axis of symmetry of disk-
shaped InAs/InP QD at the “start” and “end” points. By vir-
tue of choice of the initial geometry, at the start point the
strain is of purely hydrostatic origin. At the fully optimized
geometry, the strain effects are dominated by biaxial strain.
The evolution of quasiparticles levels as a function of strain
relieve corresponds to the transition from hydrostatically-
strained to biaxially-strained dot.

The results of these calculations are shown on Figs. 11
and 12 for two lowest electron and hole levels, respectively.
Figure 11 shows the evolution of two lowest electron ener-
gies (el,s and €2,p) to those shown on Fig. 8 as a function
of a number of VFF iterations N on a logarithmic scale
(strain relieve). The inset to Fig. 11 shows the evolution of
matrix populations of electron states (el,s and e2,p), i.e.,

J. Appl. Phys. 107, 104315 (2010)
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FIG. 10. Biaxial strain profiles B(e)=¢,~ (€, +€,,) along the axis of sym-
metry of disk-shaped InAs/InP QD. Circles—unrelaxed strain, the ions in
zinc-blende positions corresponding to InP lattice constant. Squares—fully
relaxed strain, the ions in the positions that minimize VFF energy
expression.

how much of a given state lies outside the dot and in the
matrix. Likewise, Fig. 12 shows the evolution of two lowest
hole energies (k1,s and h2,p) and the inset to Fig. 12 shows
the evolution of the matrix populations of the hole levels.

Figures 11 and 12 show that there are two effects due to
strain relieve. The first effect is the change in “absolute po-
sition” of electron and hole energy levels. The second effect
is the change in the quasiparticle energy spacing.

From Fig. 11 it follows that the energy of the ground
state electron (e1,s) is stabilized (moves down) by 175 meV,
whereas the energy of the ground hole state (k1,s) is stabi-
lized by 15 meV (moves up). The change in the absolute
position of (el,s) and (h1,s) levels results in the “smooth”
decrease of the HOMO-LUMO gap from 1045 to 853 meV.
The change in the absolute position of the energy levels is
consistent with our DFT parameterization. The hydrostatic
strain results in the strong upshift in the CBMin (600 meV
for the volume decrease of 10%), whereas Fig. 4 shows that

Electron energies vs. strain relieve (InAs/InP)
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FIG. 11. Evolution of electron energy levels as a function of a number of
VFF energy minimization iterations on a logarithmic scale (strain relieve).
The inset—matrix population (percentage) of electron states. As the hydro-
static strain relaxes, the electron levels move down, the separation between
electron levels gets larger, and the penetration into the matrix decreases.
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FIG. 12. Evolution of hole energy levels as a function of a number of VFF
energy minimization iterations on a logarithmic scale (strain relieve). The
inset—matrix population (percentage) of hole states. As the hydrostatic
strain relaxes, the ground state hole level moves up. The separation between
hole levels increases and the penetration of hole levels into the matrix
decreases.

the change in the in-plane lattice constant from 6.05 to 5.85
A results in, approximately, 200 meV upshift. Therefore, as
hydrostatic strain is relieved, the electron levels will move
down. For holes the situation is reversed. The 10% hydro-
static volume decrease moves the top of the valence band up
by 88 meV, whereas 6.05 to 5.85 A decrease in the in-plane
lattice constant results in the 200 meV increase in the posi-
tion of the HH band (Fig. 4). Therefore, the relieve of the
hydrostatic strain causes the hole levels to go up.

The second effect of the strain relieve is the change in
the quantum confinement of the quasiparticle levels. For
electrons, the energy difference between el,s and e2,p lev-
els E(e2,p)—E(el,s) increases smoothly from 32 to 84 meV.
For holes the energy difference between hl,s and h2,p lev-
els E(hl,s)—E(h2,p) increases from 21 to 32 meV. The in-
crease in E(e2,p)—E(el,s) and E(hl,s)—E(h2,p) can be
interpreted as an increase in confinement favored by the
“small characteristic size.” The insets on Figs. 11 and 12
indeed show that the penetration of electron and hole levels
into the InP matrix decreases making the quasiparticle “more
compact.”

V. CONCLUSIONS

First-principles density functional full potential calcula-
tion of absolute position of valence and conduction energy
band edges as a function of (001) biaxial strain were carried
out for group IIIA-VA (InAs, GaAs, InP) and group IIB-
VIA (CdTe, ZnTe) semiconductors. The band edges were
evaluated at DFT-optimized as well as at lattice constant ob-
tained from elastic free energy. To account for the LSDA
band gap error, the calculated band edges were corrected
with the “scissor” operator. The strain dependence of band
edges are fitted to the polynomial of third degree and are
available to be used for parameterization of biaxial strain
coupling in ETB models for group IIIA—VA and group 1IB—
VIA QDs. The procedure was illustrated by carrying out em-
pirical atomistic TB calculation of quasiparticle energy levels

J. Appl. Phys. 107, 104315 (2010)

in strained disk-shaped InAs/InP SAQD. The evolution of
quasiparticle energy levels as a function of strain relieve was
found to be consistent with the strain coupling parameteriza-
tion.
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