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Electronic and optical properties of strained quantum dots modeled by 8-band kp theory
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We present a systematic investigation of the elastic, electronic, and linear optical properties of quantum dot
double heterostructures in the frame of eight-b&n@ theory. Numerical results for the model system of
capped pyramid shaped InAs quantum dots in G&®s) with {101} facets are presented. Electron and hole
levels, dipole transition energies, oscillator strengths, and polarizations for both electron-hole and electron-
electron transitions, as well as the exciton ground-state binding energy and the electron ground-state Coulomb
charging energy are calculated. The dependence of all these properties on the dot size is investigated for base
widths between 10 and 20 nm. Results for two different approaches to model strain, continuum elasticity
theory, and the Keatings valence force field model in the linearized version of Kane, are compared to each
other.[S0163-18269)04608-1

I. INTRODUCTION a pyramid with{101} side facets, in agreement with results
in Ref. 5. The band structure was calculated in the frame of
A few years ago the first experimental evidence usingan effective mass approximation with parabolic bands. For
temperature dependent cathodoluminescence experimerggme time, the finding that there is at most one bound elec-
was obtained for the existence of zero-dimensiof@D)  tron state in this QD type for pyramid base lengbls18 nm
electronic states in self-organized InAs/GaAs quantum dotgas not contraverted and led to the interpretation of multiple
(QD9 which had been fabricated by Stranski-Krastanowspectral lines as a fingerprint of the valence b&vil) spec-
growth during molecular beam epitakyince then this type trum.
of QDs has emerged as one of the most extensively studied More recently, the conduction bar(B) reentered the
systemg Today, a large number of experimental results hagocus ~ of interest,  stimulated by capacitarite,
been reported, addressing the epitaxy, as well as structurgihotoluminescenc¥, and excitation spectroscopyresults
optical and transport properties. QD lasers have been rgpointing to the existence of several excited electron levels in
ported which operate at room temperature both c.w. andhAs/GaAs dots fob=<20 nm. Consequently, theorists revis-
pulsed up to~10 GHz3* ited the problem of electron states in such QDs, now using
The size and shape of Stranski-Krastanow grown InAdlifferent effective masse$, perturbational effective mass
QDs on GaAs(001) reported by different authors vary, de- approache$! eight-band k-p theory?>=>® and empirical
pendent on the epitaxial method and particularly on thepseudopotential theoff.All approaches now yield generate
growth conditions used: Pronounced pyramidal shape or aeveral electron states fbe=10 nm, however, varying pre-
less pointed dome shape, side facets oriented aj&ad,>  dictions for both the number and actual energies of the levels
{105,%{113,7 {114 ,2°{136,1% and different sizes of QDs were obtained in successive works of the same authors and in
have been reported. comparison of works of different authors. E.g., in Ref. 24 at
Similarly, low temperature spectra of a few or single QDsmost four electron levels were reported fo= 18 nm while
exhibit a rich excitonic fine structure, but differ according to we reported six fob=17 nm?®> Some of the persisting dis-
the growth conditiond!~1* For larger ensembles of QDs in- crepancies might be explained by the fact that some
homogeneous line broadening of preser#@0 meV (Ref.  authord’=2® do not take into account piezoelectric effects,
1) due to fluctuations of size, shape, and chemical composidespite of their important influence on the optical properties
tion disguises some of this fine structure. Nevertheless, trarwhich was demonstrated already in earlier wtknd which
sitions due to higher energy electronic states are clearly viss emphasized here.
ible in calorimetric absorption, and photoluminescence In this paper we present a systematic investigation of the
excitation spectrd.Unambiguous assignment of these funda-size dependence of the electronic and linear optical proper-
mental transitions is still pending. In order to obtain mean-ties of capped single InAs pyramid QDs with01} facets on
ingful interpretations, advanced numerical bandstructure calsaAs (001) as a model system. We consider the size range
culations must be correlated with precise information aboulO nm<b=<20nm and calculate the single electron and hole
the structural properties of the QDs. states on the basis of eight-bakd theory. The influence of
Large effort has been expended at the theoretical modethe input material parameters on the resulting energies is
ing of QD systems. From the beginning it was clear that thediscussed.
lattice-mismatch-induced strain in the QD has a dominant Since the impact of strain on the carrier confinement is
influence on the energy level structdre® Early works comparable to that of the band offset due to the variation of
treated the strain within the continuum mechanical theorythe chemical composition at the heterojunctions, the wave
(CM) either analytically® or numerically by the finite differ- functions and energies are very sensitive to the underlying
ences methotf The QD shape was assumed in Ref. 16 to bestrain distribution. We analyze for the first time the influence
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of different strain models on the energy levels: The CM TABLE I. Ratio « according to Eq(8) for different semicon-
model using the known complianc&;;,C;,,C44 is com-  ductors.
pared to the linearized valence force fi€WFF) model and
to a CM calculation employing the “incorrect” value @f,, Si Ge GaAs InAs InP
implicitly assumed in the VFF model. The piezoelectric ef- 0.99 1.07 113 1.92 1.20
fect is treated including the image charge effects at the het-
erojunctions.

The ground-state exciton binding energy and the electroghere the sums ovgrandk run over the four tetrahedrally
Coulomb charging energy are calculated within the Hartregqordinated nearest neighbor atomg, denotes the vector
approximation, accounting for image charge effects. Finallysrom theith atom towards itgth neighbor, and d;; is the

we calculate the polarization dependent oscillator strength oftice constant of the binargor elementaryi— j cJonstitu-

optical transitions between electrons and holes, and betwegi U, in Eg. (2) is nonzero when the bonténgth is
electrons, again for the two strain models, and accounting foéhanged from the strain-free state and is thus called the
the spatial,k, and strain dependence of the momentum«yqnd.-stretching” interaction.U,; in Eq. (2) is nonzero
operator:” In particular we find transitions between elec- yhen theangle between bonds is altered and is thus called
tronic levels whose oscillator strengths reach up to 20% Of‘bond-bending” interaction.

the electron-hole ones. All transitions exhibit pronounced By comparison with the cubic strain tensor it follows that

polarization anisotropy. We present linear absorption spectrg, and 8 can be expressed in terms ©f, and Cy,:%°
for both types of transitions.

a=(Cy;+3Cyy)d, 5

Il. CALCULATION OF STRAIN
B=(C11—Cypd. (6)

In a ternary compound or across a heterointerfacestipa-
rameter is geometrically averaged if the atgrasdk are not
identical: B = V/Bij Bix. > Since this VFF model works with
two parameters onlyC,,4 is no independent elastic modulus

A. Continuum mechanical model(CM)

The total strain energy in the continuum mechanical
model is given b§?

1

UCM:Z%I Cijki €ij €xi - (1) anymore but fixed to the value
For a given structure it is minimized, using finite differences (344:a—ﬁ, (7)
for the strainse;;=du;/dx;, whereu is the displacement (a+p)d
vector field. The compliance€;j,, are represented by the ie.,
parametersC,;,C,,, andC,, for cubic crystals. The strain
distribgtion in capped InAs pyramids ona thin InA; wetting 2C44(C11+C1) _, ®
layer in GaAs has been calculated in a finite differences K_(Cll_ C,)(C11+3Cyp)

scheme by us previousl{.A conjugate gradient method is

employed at X 10° voxels for the numerical calculation. At This relation is fulfilled for silicon. For a number of other
interfaces, the condition of a continuous stress tensor yieldsnportant semiconductors there are deviations up to 22%
the proper boundary conditions. In order to avoid oscillatory(InAs), see Table I.

solutions arising when symmetric difference quotients are The potential of Eg.(2) is not harmonic, and other
used, the energies from the eight possible combinations afuthors* used this unharmonic Keating model for calcula-
forward and backward differences in the three directions aréions of the strain distribution in InAs/GaAs QDs. However,

averaged as in Ref. 16. as remarked by Kan&,anharmonic effects due to the higher
order terms have not been shown to be satisfactorily treated
B. Valence force field model(VFF) by the Keating model. In particular, the third-order elastic

. , ... moduli Cjj, (Ref. 35 do not enter the theory. Therefore we
Sufficiently small QDs can also be directly modeled with i\ use in the following a linearized version &f , andU
the VFF modef®*?The elastic energy of each atom is writ- ; Eq. (2) as proposed in Ref. 32 “ A
ten in terms of the positions of its nearest neighbor atoms v note that in addition éecdnd-nearest-neighbor bond-
and then added up for all atoms. In the version of Keatthg, stretching, contiguous bond bending and the so-called
the elastic energy ygr of the crystal is written as a sum over \isgN interactio® can be included. The eight parameters
all atomsi and given as of Solbrigs modef have to be determined from fits to ex-
perimental phonon dispersion curves. It has been applied to
InAs/GaAs pyramid® but we do not pursue this approach
here in order to avoid its excessive numerical expense. In-
(rij~rij—3di2j)2 stead, two easily tractable models, CM and the linearized
T ' ©) Keating model, are compared. The strain distribution in a
" InAs/GaAs QD withb=13.6 nm as obtained from the CM
model is shown in Fig. 1.
12 [E D Bijk(rij- rik+3dijdik)2} 7 The differences between the strain distributions in a pyra-
4 | T & 2d;;dix ’ mid calculated within the CM and th@nearized VFF mod-

UVFF:Ua+UB’ (2)

1
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FIG. 1. Strain distribution in and around an InAs pyramhd ( .
=13.6 nm bounded by{101} facets on a one monolay€ML) FIG. 3. Difference ofe,, along the[110] and[110] directions
thick InAs wetting layenWL) within a GaAs matrix, according to along a[110] line scan through the center of an InAs pyramid (
the continuum mechanicCM) model, and alon§001] line scans:  =13.6 nm) on a 1-ML-thick WL, calculated within the VFF model.

(a) through the WL far away from the doth) and(c) through the

pyramid tip. (@) and (b) show the diagonal elements of the strain  (4) The symmetry of the CM strain tensor in ti@01)
tensor and(c) depicts the hydrostati€H) and biaxial (B) strain

_ 5 > 5 plane isC,, . The tetrahedral configuration of atoms in the
iomponemsz' H=ent eyt err B =(ex—€) "+ (6= &) VEF model leads to &,, symmetry, i.e., strain components
(€22~ €0 are different along th¢110] and[110] directions, as al-

N . . . _ready noted in Ref. 34. This is visualized in Fig. 3, where the
els are shown in Fig. 2. Two different continuum mechanical

. ) ifference of the strain compones}, along the[110] and
models are compared: first the CM with the correct value o 17071 directi is plotted. In the CM mod |
Cus, and second the CMCYEF] whereC,, takes the incor- ¢ rC] I:ﬁic I(d)ir;fs 'rSrI?O ie : rr: riez . modélor any value
rect value implied by the two-parameter Keating model ac® 44) this difference isa priori zero.

cording to Eq.(7). The main differences between the VFF . .
oo The influence of these differences on the energy levels
and CM models are the following: . ; . .
and wave functions of charge carriers in the QD will be

(1) At the tip of the pyramid the diagonal strain compo- discussed below.

nentse;; analytically diverge in continuum theory while the
VFF model yields a finite value. A numerical solution of the Ill. PIEZOELECTRICITY
CM model using finite differences with a voxel size of one .
atom yields a similar value, however. Regardless of the chosen strain model, the symmetry of
(2) At interfaces the VFF and CM models differ on the the cgrrier confinement is onlg,, QUe to piezoelectric
atoms directly adjacent to the interface. charging of the QD. From the strain tensos;f and the
(3) In the volume, differences between VFF and CM arePi€zoelectric modulusy, the piezoelectric charge density
mainly due to the incorrect value €f,,in VFF. They almost

disappear if VFF is compared to G2}, |, which uses the (1) =diV[e14(r) - {€y,F €2y, €xsF €15, Exyt €y (1]
incorrectC,, value according to Eq.7). 9
O @ — vFrcm (b) 120

(%)

b

FIG. 2. Strain distributions in an InAs pyra-
mid (b=13.6 nnj on a 1-ML-thick WL. The dif-
110 ferences between théinearized valence force
field (VFF) model, CM, and CM with the value
. L L pn - s L L n 1520 for C44 according to Eq.(7) used in VFF
position along [001] (nm) position along [001] (nm) (CM[CXEF]) are comparedﬁa) €xx s (b) €22, (C)
hydrostatic strain alon§001] through the center
of the pyramid,(d) shear component,, along
[111], originating at the bottom center of the
pyramid. Solid(dashedllines represent the differ-
ence between the VFF and CM (CHI:™])
models. Dash-dotted lines show the difference
between the CM and CMC)/;F] models.
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is calculated. Equatiof®) introducesC,, symmetry to the ones, are the bound states of charge carriers in the QD. We
Hamiltonian Eq.(12) even when §;;) possesse€,, sym-  use the finite differences method we have proposed in Ref.
metry: The polarization charges mainly form dipoles along45 except that the Dirichlet conditiogt| ,c=0 is not en-

the edges of the pyramid, see Ref. 16, and the polarities dbrced, because it either disturbs the convergence of the
the dipoles alter between inside and outside the QD as we#ligensolver or, otherwise, {$or bound statesfulfilled any-

as between neighboring edges. At edges alphyl] and ~ Way. Like for thellocal pseudopotential method the compu-

[11—1], the negative charges are located inside the QD. Thigatlonal expense is not causally related to the number of at-

S — . . oms in the structure(the grid spacing can be chosen
implies that thd 110] direction will be the favorable direc- independently, and can be scaleso that in this respect it

tion for the extension of hole wave functions, while electronsyageryes the predicate “sublineaf®and it still can be ex-
will prefer to expand alon§110]. ecuted on single workstations (433 MHz DEE in our

The associated Coulomb potentig|(r) is obtained from case.
the Poisson equation E(LO), The treatment of the thin wetting layéwL) is difficult
— because its thickness usually is represented by a too small

=€yV \AY , 10 o .
Po(1) = EVLE(NVVp()] (10 number of voxels. The problem is circumvented by modeling
po(r) 1 the WL as quantum well with graded composition, reproduc-

<AV ()= P - VV,y(r)-Vegr), (1) ing the integral indium amount. Two-dimensionaD) states
€oes(r) &) confined in the WL but not in the QD appear at higher en-

wheree(r) is the static dielectric constant of the respectiveergies and indicate the end of the zero-dimensidoal)
material at positiom.3” The first term on the right-hand side spectrum. The effort expended at modeling the WL only
of Eq. (11) refers to the true three-dimensional charge denaims to obtain the transition from OD to 2D states at plau-
sity while the second is the contribution of polarization sur-sible energies. The bound states obtained from our method
face charge densities due to discontinuous dielectric corare accurate apart from the discretization erf@iscussed
stants at heterointerfacegthe singularity of Ves is  below, but the numerical 2D-like states are not realistic and
integrable, usually discussed as image chartfed® Nu-  therefore not included in this paper.
merically, Eq.(10) needs to be solved on a substantially —The material parameters we have used are summarized in
larger space region than the band structure equatioq1®2y.  Table Il. We find no numerical requiremént? that the
and using Dirichlet boundary conditions. Otherwise a tooKane parameters satis#’>0, L'<0, M<0, andN’<0
small spatial modulation o¥,(r) may be obtained. (see Refs. 41,44 for their definition, we note thdtin Ref.

The piezoelectric potentia¥,(r) essentially scales pro- 44 is equal toA’ +%2/2mg in Ref. 4. Thek - p model, when
portionally to the QD size, and for larger dots its influenceapplied to small quantum structures, has in principle a few
on bound particle states dominates over that of immediat#ell-known general drawbacks which have been examined

C,, symmetry effects from the VFF strain distribution. in detail*®%5The drawbacks are related to the conceptionally
fixed number of Bloch functionéeight in our caseused for
IV. EIGHT-BAND k -p MODEL FOR QUANTUM DOTS expanding the wave functions, the restriction to the Brillouin

zone centell”, the assumption of the same Bloch functions
The energy levels and wave functions of bound electronthroughout the entire structur@egardless of material and
and hole states are calculated in the frame of the eight-bangtrain variations the arbitrariness of the matching condi-
k-p model. This model was originally developed for and tions for the envelopes at heterointerfadesding to heuris-
succesfully applied to the description of electronic states inic secular equations for the eigenvalueghese problems do
bulk material$”**~**and quantum well§! Recently it has not arise in microscopic theories like semiempirical pseudo-
been implemented for numerical calculations of electronigotential theor§? (to our knowledge no modeling of capped
properties of quantum wirésand QDs?*~* For details of QDs by the tight-binding model was reporiedhich poten-
the principles of our implementation see Ref. 45. We use théally have some greater accuracy. However, at present this
spatial representation of the Hamiltoniinand obtain a sys- potential can hardly be exhausted since a large accuracy of
tem output requires a large accuracy of input. As will be shown
below, the results of pseudopotential calculatf8mse quali-
H(X,Y,2,0x,9y 102, 0xx:Oxy sIxz+Fyy 1 Iyz, 02 W (X,Y,2) tatively very similar to those obtained by eight-bakep
—EV(X,y,2) (120  theory, although they differ substantially from those of one-
band effective mass theory. The variance in the numerical
of eight coupled partial differential equations for the eightdata on some material properties makes the advantages of
complex envelope functions microscopic theories over envelope function theory look un-
substantial for the moment. Most important, the eight-band
W= (s g yr bz Psy Wy o 02) . (13) k- p method requires much less computational resources.

Our model allows us to treat QDs of arbitrary shape and
material composition, including the effects of strain, piezo-
electricity, VB mixing, and CB-VB interaction. So far strain
gradient term&(€;;) (Ref. 49 and the strain dependence of ~ We calculate the electron and hole level energies and
the spin-orbit interacticH have been neglected. Those wave function probability densities for four different QD
eigensolutions E,,,¥,) of Eq. (12) that vanish on the sizes(base width®: 10.2 nm, 13.6 nm, 17.0 nm, 20.4 hm
boundarydG of the calculation regioi®, i.e., the integrable and two strain model&€CM and VFH. We assume the same

V. BOUND SINGLE PARTICLE STATES
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TABLE Il. Material parameters for 6.5 K used in this work.

Quantity Unit Value for IRGa, _ ;As Reference
Lattice constant a A 5.6503+0.405@ 49
Fundamental gap Eq meV 1518-158@ + 4752 49
Averaged VB edg® E, meV — 6920+ 231c— 58¢? 45,49
Spin-orbit coupling energy A, meV 340- 93¢+ 1332 51
Optical matrix parameter E meV (1.238-0 2095:)1_ Me 3Eo(Eot 20) 52,53
P ' ' me 3Ep+2A, '
CB effective mass Me mo 0.0667-0.041%—0.002547 54
Luttinger parameter Y1 11(1—c)/7.10+c/19.7] 51,55
Luttinger parameter V2 11(1-c)/2.02+c/8.4] 51,55
Luttinger parameter V3 11(1-c)/2.91+¢/9.3] 51,55
Kane parameter B meVnn? 0 44,45
CB-VB coupling by strain b’ meV 0 44,45
CB hydrostatic def. pot.  a, meV —8013+293% 54
gap hydrostatic def. pot. a4 meV —8233+215% 54
VB shear def. pot[100] b, meV — 18244+ 24c 51
VB shear def. pot[111] d, meV —5062+146% 51
Elastic compliance Cu1 GPa 118.8-35.% 51,55
Elastic compliance Cis GPa 53.8-8.5¢ 51,55
Elastic compliance Cus GPa 59.419.& 51,55
Static dielectric constant € 13.18+1.4% 54
Piezoelectric modulus eys Cm? 0.160-0.11% 54
Gads CB edge _ InAs/GaAs band alignment as used by us in Ref. 45 where
s0f wetting layer the offset in the unstrained bulk VBg is 186 meV(referred
S ] 030 _ to as lineup “A,” AE./AE,=0.83). This offset differs from
2 100 200 S o the one previously used by us in Ref. 16.
> fggs, e MO OlLi0wa
S 150000, i 00 2020 00;‘0“’““' A. Results for strain according to the CM model
@050, NN e Sell.. 3009001 ] . o
& 200 Q?-._‘j\\ ‘~-Jju:;\:"~.f_j~11;o\,ogqamo ] Figure 4 shows the energy levels for the strain distribu-
5 T e s e tions obtained by the CM modéblack diamonds The WL
8 250 “t.jjj ~~~~~ RN o2 ground-state levels shown here are taken from Ref. 16, in
| T e, e agreement with experimentally observed transition energies,
-300 e T : and are assumed to be independent from the QD size. The
e “quantum numbers” are based on a depictive terminology to
-350 : SQAF graphically describe the shape of the probability density, and
250 ' refer to the tangential planes of the probability-density nodal
- L surfaces in the ordeir110],[110],[001] (see Fig. 5 We
:xf’ emphasize that these are not true quantum numbers: Nodal
< 200 B 00 210 surfaces exist at most for single envelopes and usually have
£ 350 300 different orientations for the-type envelope$x), |y), and
- L30i= |z) (see Fig. 6. The probability density distributions ob-
> tained by(weighted summation over all envelope contribu-
& tions have no nodal surface anymore, hence the states pos-
2 sess no well-defined parity.
I
wetting layer
= 0.= GaAs VB edge =

10 12 12 1

6 18 20
Base length (nm})

FIG. 4. Electron and hole energies in pyramidal InAs/GaAs
QDs for different sizes, calculated using two different linear strain
models. The dashed lines connect levels having the same wave

function symmetry, labeled by the appropriate “quantum numbers”

(see text for their explanatipnEnergy levels in the shaded regions

are omitted.

FIG. 5. Tangential planes of the probability-density nodal sur-
faces used to label bound states.
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FIG. 6. (Color) Decomposition of the ground-state wave functions into their constituing single envelopds3(6 nm. The numbers

denote the integral probability of the respective envelopes after summation over both spins. The electron ground state is mainly represented

by s-type Bloch functions while the hole ground state is almost completely describpeype Bloch functions.

i 000 ; 100 E 010
i 300 1 001 E 030

210 ®)

FIG. 7. (Color, Probability density isosurfacep € 65%) of (a) the electron andb) the hole states fdo=20.4 nm, the strain calculated
using the CM model(c) Hole states fob=13.6 nm and strain calculated using the VFF model. The large shape differences bigiwarah
(c) are mainly due to the different dot sizes and not due to the strain modgdjrigole ground state fobo=13.6 nm from an effective mass

calculation using the same strain distribution as(éh The “quantum numbers” graphically describe the wave-function shapes and

originally count the nodal surfaces tangential to (110),_Q)Lland (001), respectivelisee text and Fig.)5
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Due to the piezoelectric field the main directions of ex-sizes that OD holes behave less classically than electrons be-
tension of the wave functions afd10] for electrons[see cause of their greater sensitivity to quantum confinement.

Fig. 7(@] and [1?0] for holes[see Figs. ®) and 7c)], In Ref. 24 the first excited hole level shows a different
while [ij 1] only occurs in high energy states in large QDsdependence on the dot size. The tendency towards asymp-
[see electron stat®01) in Fig. 7(a)]. totical degeneracy with the ground state is much weaker
while the energy separation between the first and second ex-
1. Electron levels (CM) cited states fob=10 nm is considerably size dependent. The

latter, more classical behavior is surprising in view of the

For QDs withb<10 nm we find at most one bound elec- stronger localization reported.

tron state while fob=20 nm there are as many as 12. The
prediction of (several excited electron states in QDs with _
b>13 nm is the most important—though not the only— B. Impact of input values

improvement over previous effective mass calculattins. Comparison of results based on different theoretical ap-
The ground state is alwayslike (see also Fig. 6 and its  proaches is hindered by the fact that additionally the material
shape is slighty elongated alopg10]. The first and second parameters used as input to the calculations partly differ. In
excited,p-like, states 100) and|010) form a nondegenerate order to compare our following results obtained from the

pair, the energy separation between them is approximatelyFF model with those of other authors we therefore examine
proportional tob, in agreement with the proportionality be- first the influence of variations of the input parameters like

tween the piezoelectric potential arul (see above The  the InAs/GaAs band offsets and numerical procedures on the

separation between the average energy offifiike states calculated energy levels. Table IV shows some results.
and thes-like state decreases as the dot size increases. We

find no intermixing with WL states, i.e., bound electron wave 1. Discretization error
functions do not extend into the WL.

In Ref. 24 the size dependence of the electron states was The material parameters from Table |l are used in sets 1
also investigated using the CM model and eight-bing and 2 of Table IV. In set 2 the finite differences voxel size is

theory, however, finding at most four levels for each Sizethe lattice constant, as throughout this work. Set 1 is calcu-

The reported separations between the avepaggate energy Iated on a twice as flne gn(_B t|mes more voxels By com- .
and thes-state or the third excited state agree well with Fig_parmg the .tWO’ the discretization error of the level energies
4, while the separation between thstates is much less than ¢an be estimated to be 10 meV. Since electron and hole

here. In Ref. 21 electron levels were calculated using CIVenergies shift in the same direction, the error in transition

and strain dependent effective masses but neglecting sheQPeraies 1 much less.

strain. These results differ significantly from ours: We find a

different sequence of the wave functions and different level 2. Different material parameters
separations. Set 7 is very similar to the input data from Ref. 23, and
sets 3—6 show the transition from set 2 to sésibsequent
2. Hole levels (CM) sets include the changes of previous onés set 3 the pi-

The holes are generally confined to the bottom of thezoelectricity is _turned off. In set 4 the band alignment is
pyramid and do not reach the tip, see Figé)7and 7c). changed: The alignment A used in the_present Werk is based
Their shapes depend strongly on the QD size, as can be se€f (still somewhat unsatlsfacto))expenmental evidenc®. _
by comparing Fig. ®) (b=20.4 nm and Fig. 7c) (b Another frequen_tly_ assumed alignment was caI_cuIated in
—13.6 nm, the VFF-based wave functions shown here téRef- 50(we call it lineup “B") where thel's offset is 264
facilitate the comparison with a number of works by othermeV (AE./AE;=0.76). In sets 5 and 6 the optical matrix
authors look very similar to the CM-based oheEhe wave parameter and the deformatlon potentials are changed, re-
functions of excited hole states extend somewhat into théPectively, and set 7 approximately accounts for the different
WL. In contrast to an effective mass calculation using theStrain distribution found in Refs. 20 and 23. _
same strain distributiofsee Fig. 7d)] the ground-state wave __ The resulting ground-state energy levels are plotted in

fncions are pronouncecly eongted algago) [see Fig, 10, T pezeseckily fas e lerce on e ground
7(c)], and also the excited states in the present approach a?e gles, P

very different from previous effective mass restfitsith or the excited states wave functions and the related optical

respect to both the wave-function shapes and the level sepgﬂ%ﬁig'ﬁ;gbﬁ ?ﬁg”ﬁﬁ; Zﬁfegﬂgﬁt a}r:i Iéiitrgllg?;rf(l)lftlei%e?n(:ﬁé
rations. In agreement with Ref. 16, in large QDs the ground- ’ 9

state wave functions are asymptotically torn into tjsee transition energy. The scaling of strain has little influence on

Fig. 7(b)], becoming almost degenerate with the first excitedthe hole grounql-state energy, becalag <|a| fo_r. InAs.

level (see Fig. 4, symmetry breaking For smaller optlcall matrix parameteE% the transition en-
In Fig. 4 higr’1er excited hole levels fdr>16 nm are €9y increases which is mainly due to the related effective

omitted. The dependence of the ground-state energy on thdeecrease of the bulk cqnductlon band mass, the holes are
dot size is weaker than for electrons, due to the “Iarge|mUCh less affectedsee Fig. 8

mass”. The energetic splitting between the first and second
excited states|010 and|020)) is comparable to that of the
electrons (100 and|010)) but not strictly proportional td Obviously, the most important parameter for the energy
anymore, and both states are melike either. This empha- level positions of electrons and holes with respect to the

3. InAs/GaAs band offsets
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0 =GaAs CB edge TABLE Ill. Ground-state energiegneV) of electrons and holes
§ i ... . i and the transition energy in an InAs pyramiol=13.6 nm calcu-
- ] --#--VFF K N A lated for three different strain models.
5 -200 ¢ CM K g 3 200
5 ., S 3 £ E CM CM[CUF VFF
B 1 ... oz 2 5 = i
i 2507 PO R T T N = 1292.9 1282.4 1274.5
< = < =
(meV) . = & % % E £ 3 Eboo 166.5 173.1 176.2
;Y 2 3 & &2 & £ 5 AE 1126.4 1109.2 1098.4
o 250 - 2 - £ 5 € E - 250
% ] E ] g 2 [ R e. _ ° . T
° S s 3 T T .
5 o F 5 L i i
S 2004 h s/ L 200 C. Results for strain according to the VFF model
2 1 = " [ . . . .
£ ] R . [ Figure 4 also shows the energy levels for the strain distri-
0= GaAs VB odge butions obtained by the VFF mod@ray disks.
FIG. 8. Ground-state energies for=13.6 nm and different 1. Difference between CM and VFF

strain models and material parameters which are listed in Tables IlI

and IV. The dotted lines are guides to the eye. Table 11l shows the ground-state energies of electrons and

holes and the transition energies for the cases that the strain

barrier is the heteroiunction band i oy, Jistribution is calculated using CM, VFF, and CEY; .
GaAs barrier is the heterojunction band lineup. Un OMU-The differences between QMXEF] and CM are signifi-

nately, this is also the least accurately known parameter. In

VFF PP
the case that lineup B were closer to reality than lineup A, i cantly larger than between QI@,,"] and VFF, indicating

QDs with b=13 nm the electron ground-state energiesr?fjhuaet ttzetr?:a aijr?crzgr?gc?fvgiedI(Etereirgcage\t/vl\:/ierggj'\gl?ndd\ﬁ\zlt: 1S
would shift upwards by=70 meV, but the increase of kinetic , - a4
. . e to its atomistic character. We therefore conclude that the

energy of the holes is approximately equal to the decrease M model gives a description closer to reality than -
that of the electrons. Thus the ground-state transition ener=_". 9 crip ty

. ) earized VFF model. This holds the better the larger the QDs
gies would increase by less than 15 meV. Some bound elec-
tron states would disappear for large dots as compared to the ™
results of Fig. 4, and some new bound hole states would 2 Electron levels (VEF
appear. The relation between the localization energies of the - Electron levels (VFF)
electron and hole ground states would become almost in- The electron levels are almost rigidly shifted byl7
verted(see Fig. 8. meV as compared to the CM calculation. This is in perfect

TABLE IV. Influence of variation of material parameters and of the discretization error on the calculated ground-state energies of

electrons E&,) and holes Ej),). The energy value@meV) refer to the VB edge of unstrained GaAs. The QD base width is 13.6 nm and
the strain was calculated by the VFF model.

Values for Values for
Set Changed parameters Unit GaAs InAs Eboo Egoo AE
1 like no. 2, except 172.3 1269.4 1097
voxel size half lattice constant
2 reference set 176.2 1274.5 1098
3 Like no. 2, except 170.8 1272.5 1102
ey Cm 2 0.16-0 0.045-0
4 Like no. 3, except 237.3 1335.8 1099
E, meV —6747——6670
5 Like no. 4, except 235.7 1345.7 1110
Ep eV 28.0~22.71 22.2-20.2
6 Like no. 5, except 228.9 1343.5 1115
ac meV —-8013—~—7170
ag meV —8233——8330
b, meV —1824— —1600
d, meV —5062——4230 —3600——3100
7 Like no. 6, except 223.4 1307.2 1084

strain (g;;) reduced by 10 %
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agreement with the finding that CM and VFF applied to the TABLE V. Size (b) dependence of the electron ground-state
QDs studied here produce effective electron confinement pd=oulomb charging energye¢,,,), the exciton ground-state binding
tentials differing by 20 meV4 energy Ey), and of the polarization anisotropy indgxfor hypo-

To facilitate the comparison with the results from Refs. 20thetical direct recombinatiofdirect and excitonic recombination
and 23 we note that these papers assumed band lineup fgXciton. p is defined by Eq(22).
Taking into account the different material paramet@est 7

in Table IV) and the discretization error, we find an extrapo-? Eou Ex P P

lated ground-state energy 22 meV below those from Refs. 260M (meV) (meV) (direch (exciton
and 23. We conclude that the differences between Fig. 4 ang, , 24.8 26.1 0.056 0.052
the quoted results are mainly due to different input values, 5 ¢ 24.3 217 0.098 0.089
Within 25 meV the results from Fig. dising band lineup A 20.7 156 0.18 0.15
also agree with empirical pseudopotential calculatfins, 17.8 11.0 0.96 0.16

where the electron levels are slightly deeper confined than in_
our calculation. The reported separation between the electron
|100) and|010) levels is 27 meV, i.e., three times larger than
ours, however.

The resulting energieEy are listed in Table V. We find a
monotonic dependence on the QD size, as expected. The

nonmonotonicity reported in Ref. 25 is erroneous.
3. Hole levels (VFF)

The hole levels are in average 11 meV stronger localized
than according to the CM calculation, otherwise no signifi-
cant difference is observed. Repeating the above consider- The two-electron ground state is obtained in a similar
ation we find agreement within 20 meV with the ground- manner, namely by solving
state energies from Ref. 20, calculated by a four-blang
model(a similar agreement between the four-band and eight- [H+V, W —Ew — |V 2=V (eVV,), (17)
band models was observed in Ref.)2¥Ve find different ere Tere € 07 s Teh

separations between excited hole levels, however. again including image charge effects Hf is the respective

The ground-state localization energy reported in Ref. 4&5anyalue of, the electron ground-state Coulomb charging
for b=11.3 nm is about 140 meV larger than according to e : . e
energy isE¢,,=Ee—Ee. The resulting energiekEg,, are

Fig. 4. This points to a significantly different confinement . . . ! .
potential used there, because we calculate the kinetic ener Eﬁ;\'/?;?d in Table V. Again we find an expected monotonic

of the hole(electron ground state to be only 64 meV (130
meV). In view of the acceptable agreement with our calcu-
lation regarding the electron levels such a difference seems VIl. OPTICAL PROPERTIES
counterintuitive.

B. Electron ground-state Coulomb charging energy

A detailed modeling of the optical properties of QDs and,
moreover, self-organized QD ensembles is an intricate prob-
VI. BOUND TWO-PARTICLE STATES lem, even when restricted to the linear range. This is mainly
due to two reasons:

(1) The population of an individual QD with charge car-

Now the exciton ground-state binding energy as a functiers at sufficiently low temperatures is independent of that
tion of the QD size for strain according to CM is calculatedof others. No position independent Fermi level exists and
(VFF yields the same resujtsWe use the Hartree approxi- rate equations with average level populations are incorrect.
mation, i.e., a separable exciton wave function is assumeth general an ensemble of QDs has to be treated as a large set
and the single electron and hole statds, and ¥,, are  of microstates whose possible transitions are modeled by
determined self-consistently: master equatiort.

(2) The energy levels and particle wave functions in a QD
~ ~ depend on the population. Apart from spin effects, the Cou-
[H+Ve]¥h=EnWh, [H+Vih]¥e=EV. (14 lomb interaction alters the energy level structure in a non-
trivial way. This actually requires to calculate true many-
2_ 2_ body states for all possible populations of the dot. One
e[Wel"= €0V (esVVe),  e[Whl"= V(€T Vi), (15 posgibility to do so is to workpoSt substantially simplified,
fully analytical modelgfor excitons, see Refs. 58 and 59, for
many-electron states see Refs. 60);-@&hother one is to per-
form self-consistent, mostly numerical calculatigfi®ef. 21
or this work.

The ansatz for arbitrary, realistic geometries, material and
strain distributions we propose here is mostly designed for
applications in the frame of QD laser research based on IlI-V
Ex=(E.—E;)— (Eo—Ep) compounds. Fo_r an idea_ll QD Ia_ser, homogeneous ens_embles

of QDs are desirable, with possibly few energy levels in the
—((Wh|Ve| )y = (W Vi T /2. (16)  dots, which(at appropriate injectionsupport lasing mostly

A. Exciton binding energies

whereH is the empty dot Hamiltonian from E§12). Equa-
tion 15 includes the effect of image charges like Ed). If

E. and E,, denote the respective eigenvaluesHhfthen the
exciton binding energy is
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or only on the biexciton ground state. Such dots must be g2 2 888
sufficiently small so that confinement effects are dominant, b=204nm g5 288 2
electron levels are widely separated, excitons are weakly 8 ESeSB05EEEE &
correlated® and Coulomb interaction can be treated as a 027 88 2==ReSSc SB588 2
correction of the kinetic quantization effeéfsTherefore we I 0.1 AR B MM AR AL
restrict ourselves to calculate the exciton and two-electron JM
ground states within the Hartree approximation, where ex- 00
change and correlation interactions are discarded. Correc- =
tions for biexciton states are of the order of 2 mf&VThe b=17.0nm 5§ 235388 § g §
electron term scheme governs the main structure of the re- 0.2+ 88 =525 8 = 3 8
combination spectra while the less widely separated hole lev- 7 0.14 b b
els contribute to the fine structure. ’ j\MAM\
We model the linear absorption spectra of single QDs, 0.04 . : , , . ' s
which to a certain degree can be measured by photolumines- 2 =3 cogge
cence excitatiofi’ calorimetric absorptiohand transmission b=13.6 nm £ &2 g2
spectroscop$® Within the dipole approximation the linear 0.2- v W Wik
absorption coefficient of the QD is proportionaf t6° ' o j/g {\ n n
me’h% 2 . , 2me?|l.| |oH| \|? 00 LS N\
lap= g € Pabl eV |8 33K b)l, (18 AR AR " AR
~ b=10.2nm §
wheree is the direction unit vector of the electric field of the 0.2 — CM ¥
linearly polarized incident lighty is the QD volumeH is —— VFF
the QD Hamiltonian from Eq(12), k is the wave-number 01
operatorp,y is the momentum matrix element of the transi- 0.0 I e
tion from statea) into state|b), e is the electron charge, 950 1000 1050 1100 1150 1200 1250 1300
m, the free electron mass, anrg the vacuum permittivity Transition energy (meV)

constant. Inserting the envelope functions into ELB) is

eql_leaIent o considering the Cen5t3ral cell partmf, only excitonic correctiopof InAs pyramid QDs of different sizels for
while neglecting the envelope péﬁ, a commonly accepted linearly [100] polarized light, calculated for strain distributions ac-
measure. We note that EQ.8) provides the full treatment of ., ing to the CMblack) and VFF(gray) models. The arrows with
the structuralk-, and strain dependence pfi.e., the infor-  quantum numbers” refer to the black cur¢€M) and indicate the
mation on the QD is not only stored ja) and|b). strongest contributing transitions. The oscillator strergthgiven
Since spin-orbit coupling is neglected, and due to the abpy Eq. (21). The absorption lines are artificial Gaussians with 10
sence of magnetic fields, all energy levels in the QD are spifnev FWHM. The seemingly missing transitions for 20.4 nm at
degenerate: I, according to Eq(13) is an eigenvector to energies above 1200 meV have not been calculated.
Eq. (12) then

FIG. 9. Linear absorption spectfalectron-hole transitions, no

potentials. The oscillator strength obtained this way is a
lower bound for the true excitonic oscillator strength, since
the actual two-particle character of the excftbwas lost by

_ ) making the ansatz of a separable exciton wave function.
is also an eigenvector04 and 1, are the 4<4 zero and  However, we expect correct modeling of the reduction of the
identity matrix, respectively, an¥', is the complex conju-  optical anisotropy due to exciton formation.

gate of¥,). This is not the Kramers symmetry and also true
for B#0 (Kane parametgrin Table Il. The momentum ma-
trix elements for nonexcitonic transitions are obtained by
incoherent averaging over the degenerate eigenszaaad Figure 9 shows the linear absorption spectra for the inter-
b, giving action of QDs withe||[100] polarized light, dependent on
the dot size and the strain model. The dimensionless oscilla-
tor strength

04 _14 —
\1,2:(1 0 )\I}ll <\I}l|\1,2>20 (19)
4 4

A. Electron-hole transitions

|é pab|2: %1 (|é pa1b1|2+ |é pa2b1|2+ |é palb2|2
+e-Payn,|?). (20)
I:

2 2
where|a,) and|a,) (|b,) and|b,)) satisfy Eq.(19). On the moEg‘As|e Pl
level of simplification persued here, the exciton recombina-
tion is modeled the same way, just using self-consistentefers to the bulk optical matrix parametgy, of the QD
states|a) and |b) according to Eq.14) instead. At self- material InAs and is the eight-barikd- p analogon to the
consistency the eigenspacesndb are not orthogonal any overlap integrak .| ,) in the effective mass approxima-
more since they belong to two Hamiltonians differing in their tion. All corrections due to excitonic effects are neglected in
confinement potential parts. However, flgf, this does not this plot, and the transitions have been broadened artificially
matter sincesH/dk is not altered by changing electrostatic by Gaussians with 10 meV FWHM. Since at least for the

(21)
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direct [110] excitonic [110]

FIG. 10. (Color) Oscillator strengtH according to Eq(21) as function of the direction o& (E field of light) for the electron-hole
ground-state transition with and without excito@oulomb correction, calculated fds=17.0 nm using strain according to the CM model.

largest dots not all hole levels were calculated, the spectral shows for all transitions in case of direct recombination,

for b=17.0 nm are incomplete at high energies. dependent on the dot size and the strain model. Both strain
The spectra exhibit a large number of lines which mainlymodels yield the same trends. The interaction Wi@®1]

reflect the presence of several excited electron states. Thglarized light is so much weaker for all transitions that the

assignment of the absorption lines to the respective transf-100]/[001] anisotropy index is almost constantly 1.

tions is also shown in Fig. 9. Some electron states yield a

significant oscillator strengthwith more than one hole state

so that they contribute to more than one line. On the other 1.0 b = 20.4 nm

hand, one line can be composed of several transitions, in 0.5+

particular when the inhomogeneous broadening becomes , gg 4 el

=20 meV as it is in actual experiments. A significant de- ? -0.54 \J\/ W \f/ oY \ \

crease ofl for the ground-states transition with increasing

dot size is found. This is due to the piezoelectrically induced o

symmetry breaking of the hole ground state which reduces 1.0 5 =17.0nm

-1.0+r— T LR BLEL AL AL BLALEL AL B

the overlap with the electron. For large dots the transition 0.5 m
resembles a type Il heterostructure. P 0.0 S T NV
- Y/
o051 -V YLV
B. Polarization anisotropy 1.0+r——rr—r—— e —————
Figure 10 shows the dependencd oh the direction of 1.09 b = 13.6 nm

according to Eq.(21) for the electron-hole ground-states 0.5
transition forb=17 nm. There is a very strong anisotropy  , g9 re—y W\JI
between thg 001] and[xy0] polarization directions, and a 0.5 UW’\/\
weaker anisotropy betwegi10] and[110]. The latter re- e A A G

flects theC,, symmetry of the single particle wave functions
and is reduced by the Coulomb interaction between electron 1.07 £ =10.2 nm

and hole. Therefore, excitonic transitions are expected to be 0.5 m

less anisotropic than the inexisting recombination of “free”  p 0.0 .
s : —— \FF

electrons and holes. The polarization anisotropy between the g 54 __I

[110] and[110] directions, 1.0 -

LN DL LA B AL DL B B LA B ML |
950 1000 1050 1100 1150 1200 1250 1300
[ eamm—1 Transition energy (meV)
_ 111017 '1110]

p=——""— (22

|[1T0]+|[1101’ FIG. 11. Polarization anisotropy of the linear absorption

(electron-hole transitions, no excitonic correcliobetween the
of the ground-state transition is displayed in Table V for both[ 110] and[110] directions for InAs pyramid QDs of different sizes
cases, direct and excitonic recombination, and as function af, calculated for strain distributions according to the GMack)
the dot sizeb (strain according to CM p increases witth  and VFF (gray) models. The seemingly missing transitions for
and so does its reduction due to Coulomb interaction. Figure-20.4 nm at energies above 1200 meV have not been calculated.
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g 2 §
82 8 8 g 1.0 -
80 ggog § '_T_o
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I 0.057 o 3
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FIG. 12. Linear absorption spectf@lectron-electron transitions
of InAs pyramid QDs of different sizels for linearly [ 100] polar-
ized light, calculated for strain distributions according to the C
(black) and VFF(gray) models. The arrows with “quantum num-
bers” refer to the black curvéCM) and indicate the strongest con-
tributing transitions. The oscillator strengths given by Eq.(21).
The absorption lines are artificial Gaussians with 10 meV FWHM.

FIG. 13. Polarization anisotropy of the linear absorption
M (electron-electron transitions between the [110)/[110] and
[100]/[001] directions, respectively, for different sizés calcu-
lated for strain distributions according to the Qllack) and VFF
(gray) models. Forb=13.6 nm andb=17.0 nm essentiallylqg
—lgon/(l100F 1 go1) =1 over the entire energy range.

C. Electron-electron transitions of the eight-band - p model including piezoelectric effects.

Transitions between electron levels are generally less inNumerical results for the model system of InAs quantum
tense and exhibit a stronger anisotropy than electron-holByramids in GaAs(001) with {101} facets were presented.
transitions. Both are consequences of the strict dominance &for four different dot sizegbase widths between 10 nm and
the stype Bloch parts in the electron wave functiofsee 20 nm we have calculated the bound electron and hole lev-
Fig. 6). els, the dipole transition energies, oscillator strengths, and

The linear(far-infrared, FIR absorption spectra f¢r1.00] polarization anisotropies, as well as the exciton ground-state
polarization due to electron-electron transitions are shown iinding energy and the electron ground-state Coulomb
Fig. 12, dependent on the dot size and the strain model. Figharging energy.
13 shows the corresponding polarization anisotropies be- For the first time, a comparison of these properties for two
tween the[110] and [110], and between th¢100] and different strain models was made, in order to examine the
[001] directions. There is considerable interaction with lightinfluence of the strain modeling on the resulting band struc-
polarized in the substrate plane (001) which is a completelyure and optical properties. We have worked out and com-
different situation from that in quantum wells. Thus infrared pared the continuum elasticity theory and the valence force
light detectors for perpendicular incidence of light are pos<ield model(Keating in the linearized versiofKane. Con-
sible using QDs. tinuum elasticity theory results are argued to come closer to

The assignment of the absorption lines to the transitions igeality. The two models yield slightly different strain distri-
also shown in Fig. 12. The majority of the excited electronputions, which lead to slightly different level and transition
states is involved in allowed FIR optical transitions. Theenergies, differences in the polarization and oscillator
maximum of the FIR absorption shifts slightly to lower en- syrengths of excited state transitions, and different spectra for
ergies and becomes significantly stronger as the dot size iRsjectron-electron transitions. There is agreement, however,
creases, due to an increasing number of allowed trans't'c’”?egarding the wave function shapes, the size dependence of
the overall energy level structure, and the Coulomb charging
and exciton binding energies.

We have systematically investigated the electronic and The optical properties of such quantum dots are strongly
linear optical properties of capped quantum dots in the framénfluenced by the piezoelectric effect. We predict a pro-

VIIl. CONCLUSIONS
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