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We present an atomistic investigation of the influence of strain on the electronic properties of quantum dots
(QD’s) within the empiricals p°s* tight-binding(ETB) model with interactions up to second nearest neighbors
and spin-orbit coupling. Results for the model system of capped pyramid-shaped InAs QD’s in GaAs, with
supercells containing 10° atoms are presented and compared with previous empirical pseudopotential results.
The good agreement shows that ETB is a reliable alternative for an atomistic treatment. The strain is incor-
porated through the atomistic valence-force field model. The ETB treatment allows for the effects of bond
length and bond angle deviations from the ideal InAs and GaAs zinc-blende structure to be selectively removed
from the electronic-structure calculation, giving quantitative information on the importance of strain effects on
the bound-state energies and on the physical origin of the spatial elongation of the wave functions. Effects of
dot-dot coupling have also been examined to determine the relative weight of both strain field and wave-
function overlap.
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[. INTRODUCTION the modified chemical bonding present in and around quan-
tum dots.
Nanometer-size semiconductor quantum d@B'’s) have Despite their potential strength, not many ETB calcula-

attracted scientific interest due to their potential applicationgions are available regarding capped strained InAs QD’s. The
in optoelectronic devices as well as because of their peculiasnly published results are obtained by modeling the dot by a
properties such as the self-assembly, tunability, narrow sizepherical cluster with dangling bonds saturated by
distribution, and large Coulomb blockade effetfhe size  hydrogert®=2! (this approximation is valid in the limit of
and shape of the Stranski-Krastanow growth of InAs QD’snanocrystals embedded in a material with a very wide) gap
on GaAs(001) reported by different authors vary, dependingor by a pyramidal dot with uncovered surfacés.
on the epitaxial method and on the growth conditions. Dif- In this work we explore the ETB method for evaluating
ferent sizes of QD’s, pyramidal or dome shapes with sideand analyzing the electronic structure of InAs QD’s. Our aim
facets oriented along different directioni®,truncated coné,  here is the following.
and pyramid® with nonuniform Ga incorporation in the (1) Study the reliability of the ETB scheme for the treat-
nominally InAs QD’s have been reported. The driving forcement of semiconductor nanostructures. We consider a
for the formation of such structures is the relief of the elasticsquare-based pyramidal InAs QD wi{h01} side facets em-
energy associated with a dislocation-free, epitaxial structurbedded in GaAs. Since this geometry has been previously
(the InAs/GaAs lattice mismatch is 7%The strain distribu- adopted by several authds;*41the reliability of our re-
tion is not uniform, so accurate electronic models shouldsults is assessed through comparison with previous studies.
include the effects of such nonuniformity. (2) Investigate how the strain affects the electronic prop-
Theoretical models currently employed in the study of theerties of QD’s. So far, such investigations have been limited
electronic properties of QD’s can be generally divided intoto sphericat* or elliptical® dots. In the first case, the influ-
macroscopic or microscopic. Examples of macroscopic modence of the strain was estimated by comparing free standing
els are the one-band effective-mass approximaiidrand  with GaAs embedded quantum dots. However, the surface
the multibandk-p modelst?'® Microscopic models are dangling bonds in the free-standing dot were passivated by a
based on the empirical pseudopotential methaeid on the fictitious material with a band gap much larger than the
empirical tight-binding (ETB) method*>~%3 Microscopic ~ GaAs gap, giving rise to a much larger confining effect for
models provide an atomistic treatment, as required for @lectrons and holes inside the dot. Therefore in the compari-
more realistic description of smaller heterostructures. Hereson not only the different strain configurations played a role,
the effects of inhomogeneous strain follow directly by takingbut also the different band offsets. In the second case a com-
into account deviations of the atomic positions from the ideaparison of results of differently strained dots was made, with-
InAs and GaAs bulk structures. The empirical pseudopoteneut however including any bond angle deformation. In the
tial treatment potentially offers the most accurate descriptiorpresent study we complement these results by exploiting the
of the electronic properties of QD’s. On the other hand, thdlexibility of the ETB formalism where strain effects may be
ETB method may offer a faster alternative, and it is moreentirely removed from the model Hamiltonidwithout any
transparent with respect to the analysis of results in terms dftructural simplifying assumptionallowing direct compari-
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son of the real QD with an artificially strain-unaffected extracted all the positions of the atoms in the supercell that
GaAs-embedded QD. give rise to the calculated displacement field. Finally, we

(3) Analyze the influence of strain field and interdot hy- refined these displacements by further relaxing the atomic
bridization for well separated dots. Previous studies of interpositions using a VFF model. Thus the positions of the atoms
dot coupling*?® focused on a complementary range of dotare eventually determined within the VFF model, thereby

separations, namely, closely stacked dots. ensuring the corredC,, symmetry of the atomic displace-
We calculate the single-particle bound electron and holenents fields.
states and wave functions adopting Boykisg’s* param- In the VFF model, the elastic energy of a zinc-blende

etrization with interactions up to second nearest neighborkattice is expressed as a function of the atomic posit{éts
and spin-orbit coupling’ This parametrization gives very as
good fits of the important effective masses and gaps for bulk

GaAs and InAs. One potential problem is that it does not 3ajj ) 01212
reproduce as well thé-bands contributions as parametriza- E:Z Zl 16(d0)2[(Rj_Ri) —(dij))“]

tions that explicitly included orbitals, as, for instance, the : Il

one proposed by Janat al,?® where asp®d®s* basis set 3B,

and first nearest-neighbor interactions were considered. +> O—”ko[(R]-—Ri)-(Rk— R/)

Since the electron bound states in our QD come mainly from k=i 8didi

s and p atomic states, this does not constitute a relevant —coseod?j d?k]% )

drawback. We do not consider piezoelectric effects in our

model. However, as we will remark in Sec. Il B, we expectHere, d} denotes the bulk equilibrium bond length between
only minor corrections to our results coming from such ef'nearest-neighbor atorisand| in the corresponding binary
fects. The influence of strain on the bond lengths is take'&ompound, andd,=cos ¥(—1/3) is the ideal bond angle.
into account through a power-law scaling of the ETB param-the first term is a sum over all atomsnd its four nearest
eters chosen here as such as to reproduce hydrostatic Pre&sighborg, the second term is a sum over all atonad its
sure effects in both bulk materials, while the influence ofgjstinct pairs of nearest neighbofs and k. The local-
;train on the bond angleg is taken into account by a ge”eraé'nvironment-dependent coefficients; and B are the
ized Slater-Koster formahsﬁ?. bond-stretching and bond-bending force constants, respec-

This paper is organized as follows. In Sec. Il we presen{iv(__ﬂy We usé® for GaAs d°=2448 A o= 41.49

s i . , .

the formalism adopted for structural relaxation of the system, ;3 dyne/cm, B = 8.94x 10° d)J/ne/cm' for InAs we use
as well as for the electronic-structure calculations, includingjo _ , 5o & 'aik35 18 10° dynefcm ’ B =549 1C°
. ’ . ! 1 '

: i : ij
the geometrical power law scaling of the ETB F)aram(atersdyne/cm.Across the heterointerfaces, where the spgaies
Our results are given in Sec. I, and in Sec. IV we present

summary and conclusions % are different(Ga and I, we use forB the geometrical
y ' average of the corresponding values for pure GaAs and InAs.
The elastic energy is minimized with respect to the atomic
ll. FORMALISM positions{R;}. In the minimization process, each atom is
moved along the direction of the force onf,=—V,E, and
) the movement is iterated until this force is smaller than 0.001
In order to calculate the atomic structure of an InAs quang\/A.
tum dot embedded in a GaAs matrix, i.e., the strain relax- e compared the elastic constants derived from the VFF
ation, two different methods have been used in the literaturgnggdel to the experimental ones. The elastic const@nts
One approach is an extrapolation of continuum nonlineagngc,, agree with the experimental values within 6%. Dif-
elasticity (CE) theory to the atomic scale, employing a dis- ferences are noticeable mainly@y,. The VFF model gives
cretization which is either based on the finite differefité$ the C,,, about 10% too low for GaAs and about 20% too low
or the finite-elementFE) method3.°"°f1The alternative is the  for |nAs. In order to estimate the error due to inaccurate
valencgez—_f&rce fieldVFF) approach, in particular, the Keating elastic constants, we calculated the local strain tensor by CE
model”~" The latter approach has several advantages : ifising both the elastic constants derived from the VFF model
accounts for internal displacements between the two sublaiyng the experimental ones. By comparing these results we

tices of a zinc-blende crystal, which cannot be addressegeyified that the absolute error in the diagonal components of
within conventional continuum elasticity theory, and gives asgrain tensor was always smaller than 0.005.

displacement field which obeys the correct symmetry group
C,, - > However, for large systems and slowly varying strain
fields, the computational effort using the VFF approach is
higher than using the FE method because, in the FE calcula- The electronic structure is obtained within the ETB ap-
tion, atomic resolution is usually not required in all regionsproach, adopting ap’s* parametrization with interaction up
of space. In the present study, we started from the continuuri® second nearest neighbors and spin-orbit cougfinghich
elasticity theory as implemented in the FE methoding has been successfully used for IlI-V semiconductor
experimental elastic constarftsto get a first approximation heterostructure¥:3® The wave functions are written ak

to the displacement fields. Then, by interpolation for the=Z;,,Ci,,|iv),, Where|iv), are orthogonal normalized
atomic positions that lie between the nodes of the FE’s, wd;-centered orbitals of angular type=s,p,,p,,p,,s* and

A. Structural analysis

B. Electronic calculations
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TABLE I. Volume deformation potential§in eV) for direct (@' ™) and indirect band gapsaf™ and
ag'x), absolute volume deformation potential for the conduction-band emlrgé) (and deformation potentials
for uniaxial strains alon§001] (b) and alond 111] (d) (see text Uniaxial strains were applied starting from
the experimentalRef. 36 lattice constants. For the uniaxial strain aldid1], the internal atomic displace-
ment is calculated using the VFF method. Our ETB calculations are compared with experimental(Results
36) (Expt), with DFT-LDA (density-functional theory—local-density approximajiocalculations using
pseudopotentialéPP (Ref. 44, and with DFT-LDA calculations using the linearized augmented plane-wave
method(LAPW) (Ref. 45.

GaAs InAs
Expt. PP LAPW ETB Expt. PP LAPW ETB
al —8.5+0.52 -8.33 -8.15 -8.2 —-6.02 —6.08 —-5.66 -6.1
alt -370 -34 -289  -29
al X 1.05 0.4 0.92 0.2
afsc -7.17 —8.46 -6.7 —5.08 —-5.93 -5.1
b -20 -1.90 -17 -138 —155 -20
d —5.4 —4.23 -35 -3.6 -3.10 -3.1

%Reference 43.

spino, andc;,,, are complex expansion coefficients. 8fe  where|R;—Rj| is the actual bond length am.(dﬂ) is the

orbital was first introduced by Vogit al° to obtain a better bulk matrix element taken from Ref. 2k (@andl label the

description of the conduction bands. In biratoms system, different matrix elemenjs The exponents,, are determined

the 10NX 10N ETB Hamiltonian matrix contains 33 inde- to reproduce variations of the relevant binary materials elec-

pendent matrix elements for bulk GaAs and 33 for bulktronic properties under hydrostatic pressure, namely, the vol-

InAs. These matrix elements are the parameters of the modg@me deformation potentiabs ,

for the present calculation, and are taken from Ref. 27. In a

strained InAs/GaAs mixed material, such as the QD system, Je?
a_ gap

a new parameter related to the valence-band offset also needs a,=Vv N

to be included in the model. This parameter consists in a shift

of all diagonal Hamiltonian matrix elements for bulk InAs for « corresponding to the direct as well as indireétl{ and

(resulting in an analogous shift of the InAs bapdmd it has I'-X) band gaps.

been chosen such that the energy difference between the bulk |n Taple | we give the values fa” for GaAs and InAs

the bulk valence-band offse, . (DFT) calculation using the local-density approximation

We performed an analysis of the QD gap dependence of) pA) and ab initio pseudopotential§PP,** from a DFT-
the specific choice ofA,, because there is a considerable| pa calculation with the linearized augmented plane-wave
spread in the experimental values reported dgr in the  (LAPW) method? and from our result§ETB). In principle
literature® By varying A, in the range 52-300 meV we eachn,, depends on the orbital character. However, we find
Obtained a QD gap Val’iation Sma"er than 4%, indicating tha{hat a Sing'e exponemk|:3_40 for all integra's and both
in this range our results are not much affected by the specifigyaterials gives a satisfactory agreement with LAPWaG

[V ()

choice of the offset. In what follows we take =52 meV ndalt. For a'™X the agreement is less satisfactory. We
H H U . 1 .
from Ref. 14, in order to better compare with results reportecﬁe“eve that this difference reflects the fact that the bottom of

ther(ra]. | £ nlies ch the conduction band at has a noticeabld contribution?®
The relaxed geometry of the QD system implies changegyq efore the inclusion af states in the parametrization and

in bond lengths and in bond angles as compared to the ideal correspondent differentt,, value [cf. Eq. (2)] would be

bUIk. matzrl?lsé Bgtlh effﬁcc'j[s are mcor.pr?rated n ouhr etief'necessary. However, for InAs/GaAs QD’s at atmospheric
tronic model. Bond-length deviations with respect to the bulie, o <q re " the confinement effect for electrons and holes in-

equilibrium distancesjﬂ introduce corrections to the ETB side the dot comes from the conduction- and valence-band

Hamiltonian off-diagonal elementg,, . Note that rec_ently & offsets at thd point“ whereas theX point does not play an
different scheme has been propoSedvhere corrections 1o jmportant role. Therefore we do not expect this disagreement
the diagonal matrix elemgngs *ha""j also been included, in thg, he relevant in our calculations. It is interesting to note that
framework _°f8 the sp°d>s® first nearest-neighbors s single exponent is very close to the vatue 3.454 re-
parametrizatio’® We assume a power-law scalfidor the ported for GaAs and AlAs within a different ETB
off-diagonal elements : parametrizatiofl’ In Table | we also give the absolute vol-
ume deformation potential for the conduction-band edge
(afﬁc), and the deformation potentials for uniaxial strains

along[001] (b) and along111] (d), obtained b/

di(} N
Vkl(|Ri_Rj|)=Vkl(dﬂ)<|Ri_Rj|) , (2
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6- _a—r-r ET8 ETB scheme yields the experimental optical band gap and
$ 0 b the volume deformation dependence follows closely the
= a__ . . trend obtained with the LDA for a wide range of deforma-
g 2 O%ERQ:‘:::—O—C%HH’ bo tions. On the same figure, we also reportedIlth¥ band gap
2 ol 7':::-‘:-;.;;‘_ calculated by ETB. We can observe that the band atdthe
- , , , ‘ _ , point has higher energy than at thepoint, for the whole

5.0 5.2 5.4 5.6 58 60 6.2 range of lattice distortions typical in a Q@vhere the InAs
s — (GaAs is compressedexpanded by atmost 7% This be-
= g havior would not change if the ETB-calculated™ repro-
w® 2 o H‘_ﬁ'.:;;%u\ﬁéw_oﬂm duced better the LAPW resultsee Table)l, since the curve
% -~ L"::t. representing th&'-X band gap has a slope much smaller than
o 0 : the I'-I' band-gap curve, and the crossing point between

them would not change its position appreciably. These con-
siderations confirm that a more accurafg® would not af-
fect the results presented here.

FIG. 1. Comparison between ETB and DFT-LDA results for the  Bond angle distortions are included in the ETB Hamil-
InAs and GaAd™-I" band gaps obtained by varying the lattice con- tonian as suggested in the Slater-Koster formafiSmener-
stant. We also report the-X band gap calculated by ETB. The gjized to include three-center integrals for the 18 indepen-
vertical dashed lines mark the bulk lattice constat®55 A for dent second nearest-neighbor matrix elemé&hidote that,
InAs and 5.653 A for GaAs different from previous studie®,we do not assume that the

three-center integrals are independent of directional changes
induced by the strain.
The relevant eigenstates of the resulting Hamiltonian ma-
trix including all the strain effectdd, are obtained variation-
d ally. We build the quotient

50 52 54 56 58 60 62
Lattice constant (Angstrom)

— 001 001
56001_ 3b(ezz — €xx )

56111:3\/§d6>1ql/1' (4)

where Seqp, and Seq41 are the energies of the light hole ban
with respect to the heavy hole band, in the absence of spin-
orbit coupling, for strains along001] and [111], respec-

tively, ande”* and e are components of the correspondent

(o|(H— 1))

Rdel= 0

(6)

strain tensors, defined as

G
CuitCyy

001__
6” — € O C

wheree, is a reference energy. By minimizing Re with re-
spect to the trial functiorp by a steepest descent algorithm,
we get the eigenvectdiand the related eigenvalug/hose
energy is nearest te, . Therefore by varying;, we may in
principle determine all the electron and hole bound-state en-
ergies and wave functiorf§338:51

Within our ETB formalism, strain effects can be formally
removed from the electronic calculation by imposing
=0 in Eq. (2) (removal of the strain and relaxation effects
from bond lengthsand setting the direction cosines between
atomic orbitals equal to the corresponding bulk values

moval of the strain and relaxation effects from bond angles
Therefore, by contrasting the bound-state energies of an ar-
tificially strain-unaffected QD with the corresponding results
for the strained QD, we are able to quantify the total strain
impact on the electronic properties.

2C
Ml e 1 S 1

g Curt 2Cr, - ©

2Cyy

1 1 _—

whereCy;, C;,, andC,, are the experiment¥lelastic con-
stants. For the uniaxial strain alohtl1], the internal atomic
displacement is calculated using the VFF method.
Figure 1 confirms the adequacy of the single-exponent Figure 2 is a schematic view of our pyramidal InAs QD
scaling for the present study by comparing our ETB withburied in a GaAs matrix. The wetting layer is modeled by a
DFT-LDA results for the InAs and GaA§'-I' band gaps monolayer-thick InAs layer at the base of the pyramid. The
obtained by varying the lattice constant. The DFT-LDA cal- pyramid base length is &2 the height is @&, where a
culations were performed using scalar-relativisdie initio =5.653 A is the lattice constant of bulk zinc-blende GaAs.
pseudopotentials of the Hamann tyf&he electronic wave We place the InAs pyramid and wetting layer in a large GaAs
functions were expanded into a plane-wave basis set with bBox, to which periodic boundary conditions are applied. This
cutoff energy of 16 Ry. It is well known that the band gap is supercell is used in our structural and electronic calculations.
underestimated in LDA, but the overall behavior of the gapThree different supercells were considered, containing the
versus hydrostatic lattice deformation should be reliable. Ousame QD but differing by the size of the GaAs matrix,

Ill. RESULTS
A. Relaxed QD geometry
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14.1 nm QD QD QD
14.1 nm i strain-unaffected  strain distances
. InAs quantum dot 1424 = GaAs CBM
2> =1405=, —1382— |2
: , 9.6 nm el> —1267— \
‘ — 1155 _/ —1214— le1>
% =
] é ‘\\
g — 948 —/
" =
[OTOU s — 74 —,
010 —_—10 —
GaAs InAs wetting layer »"[ ] fh2> 39
»[100] — 1l = 3 —— |hI>
0=GaAs VBM

FIG. 2. _Schematic vi_ew of the _pyramidal InAs QD b_uried in the FIG. 4. QD bound-state energiém meV) calculated by our
GaAs _matnx. The we_ttlng layer is 1 M(_mono_laye_} thick. The ETB approach. The energy zero is the bulk GaAs valence-band
pyramid base Iength is about 6.8 nm, the height is about 3.4 "Mnaximum. Different degrees of strain are taken into account. In the
The supercell contains 85000 atoms. first column(QD) the bound-state energies of thhysicalQD are

reported, where the strain effects have been included in the ETB
namely, GaAs matrices with dimensions ab919% Hamiltonian. The second colun{@D strain unaffectedgives these
X14.067 (40432 atomp 25ax25ax17.06A (85000 energies for an artificially strain-unaffected QD, discussed in Sec.
atoms—shown in Fig.)2 and 3AX 37ax35.0674 (383320 Il C. The third column(QD strain distancesgives results when
atomg. The z-dimension is not an integer multiple afdue  strain is retained only in the bond-length description, while bond
to the InAs wetting layer. Unless specified otherwise, result@ngles are assumed to equal the bulk duéscussed in Sec. 1l C
presented below refer to the 85 000-atoms supercell.

In Fig. 3 we present the relative distortion of the bond
angle @ from the ideal zinc-blende bond anghg (obtained
by averaging over the six different bond angles around eac
cation, and the relative distortion of the bond lengttirom
the ideal InAs(inside the dot and GaAs(outside the dot B. Bound states of the relaxed QD
bond lengthsd, (averaging over the four bond lengihs We have calculated electron and hole bound states, and
These quantities are calculated along fh&0] direction at  refer to them agel) and |h1l) for the respective ground
z=0.4h, whereh is the QD high. We compare results ob- states|e2) and|h2) for the next excited states, and so on.
tained from the 40432-atoms supercéimal) and the For the QD supercell containing 85000 atoms the energies
383 320-atoms superce(big). The crystallographic direc- are calculated as 1405 meVeR) state, 1267 meV (el)
tions are defined by starting from a zinc-blende unit cellstatg, 74 meV (h1) state, and 39 meV [h2) state using

The figure shows that the thicker GaAs region allows for a
better relaxation of the bond lengths in the largest part of the
ﬁupercell, while it is not as efficient in angular relaxations.

containing a cation at the origin and an anioraét,:,1).  the top of the bulk GaAs valence band as energy zero. These
energies are shown in Fig. 4, on the left sidelumn labeled
- QD). From our numerical approach, we cannot exclude the
= -_-f:gima" possible existence of other hole states with smaller energies
= 2 J’/\ J and very close £ e<10—15 meV) to thelh2) state.
< e We show in Fig. 5, on the left sid€QD), the isosurface
f Y \\ plots of the charge densitiego(r)|? corresponding to the
= ok . , , . , - electron statee?) and|el), and to the hole stafial). The
6 -4 -2 0 2 4 6 isosurfaces are selected as 0.5 of the maximum charge-
_ % s density value. The figure shows that the charge is almost
g L] , . entirely confined inside the dot. The lowest electron state
2: . (le1)) is almosts-like (slightly elongated alon§110]), the
3 . . next electron state|€2)) is p-like aligned alond 110], and
0 g““” » P2 : T ‘wa"’*’g the hole state|p1)) has an elongation perpendicular to the

lel) state, in agreement with the work of Stieral'® and

Wang et al* In Table Il we show a comparison of the en-

FIG. 3. Average relative distortion of the bond angldom the ~ €rgy differences between the QD bound states calculated
ideal zinc-blende bond angi&, and average relative distortion of Within the empirical pseudopotenti@PP approach(whose
the bond lengtid from the ideal GaAs and InAs bond lengtlg.  results are extracted from Fig. 2 of Ref.)lahd the present
These quantities are calculated along {Hd0] direction atz ~ approach(ETB strained. We can see that the agreement is
=0.4h. For comparison we present results obtained from thegood.
40 432-atoms supercelsmal) and the 383 320-atoms supercell  In larger pyramidal QD’s, an additionad-like electron
(big). state oriented perpendicularly fe2) is usually present'*

Distance along [110] (nm)
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QD QD

strain-unaffected

Side view Top view

|e2>

TAN

/ N

/,,
[010] "\ ; 01012 [Olo]T FIG. 5. Is.o.surface glots of the
[100] t > ; charge densitieg|¢(r)|? relative

[100] [100] to the electron state$e2) and
le1l), and to the hole statfhl).
Each surface correspond to 0.5 of
the maximum charge-density
value. The left side(QD) shows
the results obtained from the
physicalQD, while the right side
(QD strain unaffectedshows the
[OIO]T [0101 results obtained from the strain-
unaffected dot(discussed in Sec.

[100] [100] lnc).

[010] T [010]I

[100] [100] [100]

When calculated within macroscopic models, these twmdic three-dimensional QD arrays with different interdot
p-like states are degenerate, if the piezoelectric effects arseparations. In each case, before performing the electronic
neglected? In our calculations we did not find this addi- calculation, the atomic positions are relaxed as described in
tional p-like state, and we observed that tf&2) state lies Sec. Il A. Supercell-size effects are due to electronic and
about 20 meV below the GaAs conduction-band edge. Ojlastic dot-dot interactions. Both contribute to the results
the other hand, when we considered the artificial strainghown in Fig. 6, where the energies for the staesy and
unaffected QD(see the following sec_t_idn all the_ electron |h1) and the QD gap are shown for the three different super-
states become deeper, and the additignatate did appear cg||s. The horizontal axis represents the supercell dimension
about 30 meV abovge2). This degeneracy lifting appears in 410ng[001], i.e., the base-to-base interdot distance along the
our atomistic model as a consequence of the breaking of thgo1] direction. Although we have chosen to report our re-
pyramidal C,, symmetry into the lower zinc-blend€,,  gyits here and in the following section as a function of the
symmetry. . ) interdot distance along this direction, dot-dot interaction ef-

We now analyze how the first electron and the first holefects in all directions in the three-dimensional QD array are
states are affected by the supercell size. Due to the periodjgcluded. We note that the dot-dot coupling in the 85000-
boundary conditions, different cell sizes correspond to perixtoms supercell makes the gap wider by about 12 meV with
respect to an isolated dot. Strictly speaking, when we bring
QD’s together to form a periodic array, the bound states of
the isolated dot spread into minibands whose width increases
with the dot-dot interaction.

Now a brief remark on the possible influence of the pi-

TABLE Il. Comparison of the QD bound-state energy differ-
encegin meV) obtained from empirical pseudopotentiéhfP (Ref.
14) (see text and the present ETB resul(ETB).

PP ETB ezoelectric effects on the results shown in Figaéd in the
€le2)~ €le1) 130 138 subs%quent Fig. 7, in the fol_lowing se_ct)orGrundmar_m
€je1)— €Jn) 1150 1193 et al: _have shown that the piezoelectric pote_ntlal inside a
€ln1)— €h2) 25 35 pyramidal InAs/GaAs QD’s has a quadrupolelike character

in the[001] plane. Moreover, Fig. 5 shows that ded) and
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FIG. 6. Single-particle electron and hole energies( and FIG. 7. Single-particle electron and hole energieg,( and

€1y, respectively and QD gap éje1,— €jny) as functions of the  €jny) » respectively and QD gap €je1)— €jny)) @S functions of the
distance between dots alofig01]. The solid curves are phenom- distance between dots alofig01], in the case of artificially strain-

enological exponential fits, while the horizontal dashed lines ar¢/naffected QD’s. The solid curves are phenomenological exponen-
their asymptotes. tial fits, while the horizontal dashed lines are their asymptotes. Ob-

serve the different vertical scale from Fig. 6.

|h1) states are almost symmetric under rotations around gominated by thdel) state position(shallower or deeper
[001] axis passing through the tip of the pyramid. It follows confinement We observe that the strain has opposite effects
that in the framework of nondegenerate perturbation theoryn electron and hole states: electron states become shallower,
(where the piezoelectric potential is taken as perturbation approaching the conduction-band edge, while hole states be-
the first-order corrections to the energigs;, and €51y al-  come deeper, moving far from the valence-band edge.
most vanish. We therefore expect that the inclusion of the The last column of Fig. 4QD strain distancésgives
piezoelectric effects would not strongly affect the resultsresults obtained by retaining in the Hamiltonian only the
shown in Figs. 6 and 7. bond-length deformations, assuming bulk bond angles. This
shows that the electronic properties of the QD are mainly
affected by deviations of the bond lengths from the respec-
tive bulk ones. We note that the QD gap for the “partially
The influence of strain on the electronic properties wasstrained” system(1211 meV is larger than for thephysical
studied here by comparing thghysical QD bound states QD. In fact the hole level actually drops with the bond-
with the corresponding artificially strain-unaffected QD length compression, but it rises with the bond angle distor-
states, as explained in Sec. Il B. The second column in Fig. fions resulting from the QD geometry. The angular contribu-
(QD strain unaffectedgives the bound-state energies for thetion dominates, leading to the smaller gap in fiysicalQD
artificially strain-unaffected QD, which should be comparedcase. We also observe that the angular strain contribution is
with results from thephysicaldot (QD). Note that the energy more important fofhl) (71 me\) than for|el) (53 meV),
€)n2y for the strain-unaffected dot is not given, because thesince the former has wave-function atomic components pre-
state|h2) is either unbound or extremely close in energy todominantlyp type, while the latter has wave-function atomic
|[h1). We observe that strain increases the QD gap( components almost purelylike (thus spherically symmet-
— €n1)) by about 25%, raising it from the strain-unaffected ric).
value 937 meV to the value 1193 meV. This behavior comes The right-hand side of Fig. 5QD strain unaffected
mainly from the InAs main gap increase when the structureshows the isosurface plots of the charge densities of the
is compressed by the surrounding GaAs maltias can be strain-unaffected QD. By comparing with the results of the
seen in Fig. 1 in the case of bulk InAs. The change in the QDphysicaldot, we observe that the spatial orientation| &)
gap due to strain reported here agrees qualitatively witlloes not depend on the mesoscapig symmetry(resulting
effective-mass calculations in elliptic ddf¥We note that the ~ from the strain field) but depends on the alternating interface
band-gap variation with the stra{wider or narrower gapis  structures of the fouf101} facets(resulting from the micro-

C. Bound states of an artificially strain-unaffected QD
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scopic zinc-blende structureOn the other hand, the spatial ~ (3) The miniband width for both thgel) and|h1) mini-
elongations ofel) and|h1) depend only on the mesoscopic bands is less than a few meV, consistent with the largest
C,, symmetry of the strain field, and not on the alternatingisland spacings considered by Prybwhere a rather differ-
interface structures of the fogi01} facets. ent dot geometry and range of distances have been investi-
In Sec. 11l B we discussed the supercell-size effects on thgjated.
electronic and elastic dot-dot interactions. The results shown
in Fig. 6 reflect the effects of both interactions. By repeating
now the calculation for thgel) and|hl) states in the three
strain-unaffected supercells, we were able to isolate the elec-
tronic interaction due to the wave-functions overlap. The re- We have generalized a previous ETB second nearest-
sults are shown in Fig. 7, where the solid curves are phenonreighbors parametrization by Boykinto include the lattice
enological exponential fits and the horizontal dashed lineglistortion into the Hamiltonian. We introduced a scaling law
their asymptotes. All the fits are of the forexe,+Aexp  of the hopping Hamiltonian matrix elements with exponent
(—d/\), whered is chosen as the base-to-base interdot disn=3.40. We were able to reproduce the volume deformation
tance along001], €, represents the energy of the isolated dotpotentials corresponding to the diredt-{") and the indirect
(given by the horizontal ling\ is the characteristic length of (-1 ) pand gaps for both InAs and GaAs . We have used this
the interaction alon§001], andA is a prefactor related to the approach to calculate the electronic structure of a square
interaction. For the overlap contributidi¥ig. 7), an expo-  hased pyramidal quantum dot. The comparison with previous
nential dependence is to be expected since this is the typicampirical pseudopotential calculations shows that the ETB
behavior of the localized wave functions away from the dotmodel provides accurate results for bound-state energies and
For the strain field contribution, a power-law dependencq;orresponding wave functions.
would be more realistit We use exponential fits to allow & The influence of strain on the bound-state energies is ana-
semiquantitative comparison of an overlap-only cdSg. 7)  |yzed. For single dots we found the strain increases the main
with a situation where both effects are preséfig. 6). By  gap by about 25%. Strain causes the electron states to be-
considering the gap behavior, we obt#n~300 meV and come shallower and the hole states to become deeper. The
Ay~3 nm for the case considered in Fig. 6, aAd~  gspatial orientation of the firgh state (e2)) depends on the
—500 meV and\,~2 nm for the case in Fig. 7. Figure 7 alternating interface structures of the fda01} facets, while
clearly shows the miniband broadening effect as the interdofe spatial elongations of the ground electrde1}) and
distance is reduced, since the states here represented akgle state (h1)) depend on the mesoscop®;, symmetry
strictly speaking, théel) miniband minimum and thghl)  of the strain field.
miniband maximum. From the analysis of these results we e have quantitatively discussed the influence of the dot-
come to the following conclusions regarding dots separategot interaction on the bound states due to both strain field
by distances which are at least a factor of 2 larger than thgnd wave-function overlap by decoupling these two effects.

IV. CONCLUSIONS

corresponding dot dimension. _ For well separated dots, we have shown that the strain field
(1) The range of the strain field interaction between dotsjominates the level shifts, leading to opposite trends as for
is larger than that of the wave-function overlap region. pure wave-function overlap, although at distances less than

~ (2) In all general trends shown here, strain effects overtwice the dot diameter the latter becomes noticeable. The QD
ride direct wave-function overlap effects, leading to the op-gap between the electron and hole states decreases as the

posite behavior of the calculated energy variations versugaAs region between dots gets thicker because this allows
distance. The net strain contribution ¢@,, and €|,y would  the bond lengths to further relax.

correspond to the subtraction of the data given in Fig. 7 from
the corresponding frames in Fig. 6. Figure 6 shows that the
electron level downshifts when the interdot distance in-
creases, while the hole level rises. This behavior comes from
the better relaxation of the bond lengths with the thicker This work was partially supported by the Brazilian agen-
GaAs region, shown in Fig. 3. This gives rise to a smallercies CNPg, FAPERJ, Instituto do Mil@ de Nanociacias-
bond-length component of the strain in the ETB Hamil-MCT, and by the Deutsche Forschungsgemeinschaft, SFB
tonian, and then, according to Fig. 4, to a smaller electror296. We thank E. Penev for contributing DFT results and A.
energy and a larger hole energy. S. Martins for useful discussions.
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