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Parity symmetry and energy spectrum of excitons in coupled self-assembled quantum dots
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A theoretical study is presented for excitons in coupled self-assembled InGaAs quantum dots. We have
proposed a model of an isolated single quantum dot based on the assumption of the Gaussian distribution of
indium concentration. The same distribution, with the parameters fixed for the single dot, has been applied to
vertically stacked coupled quantum dots in order to study the exciton properties, which result from the interdot
coupling. The exciton lowest-energy levels have been calculated with use of the many-element variational
basis, which includes the two-particle correlation effects. We have discussed the symmetry with respect to the
parity of the exciton wave functions in the coupled quantum dots. We have shown that—in a general case—
these wave functions do not possess the definite one-particle parity. Only for very small interdot distance the
ground-state wave function exhibits the approximate one-particle parity. The nature of splitting of the photo-
luminescence lines in the coupled quantum dots is discussed. The present theory applied to a description of
photoluminescence spectra in coupled self-assembled InGaAs quantum dots leads to a very good agreement
with the experimental data.
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[. INTRODUCTION visible dependence on the number of confined excitons.
Therefore, at this level of the experimental resolution, a
A three-dimensional confinement of charge carriers intheory of a single exciton should be sufficient for the inter-
semiconductor quantum dot@D’s) results in a space quan- pretation of these measuremefits.
tization of energy leveld Electron systems confined in QD's A theoretical description of the excitons in the single dots
are called artificial atom&® since they show atomiclike Was elaborated for self-assembled InAs/GaAs QBf. 29
properties, e.g., their energy spectrum is discrete. Amon@nd for InP and CdSe nanocrysiél the framework of the
various types of QD’s, the self-assembled QD’s are the subPseudopotential approach. In Ref. 31, the excitons in the
ject of an extensive study?® because of their possible ap- coupled QD’s were studied as candidates for a reliable prepa-
plications in semiconductor lasers. It is expeétathat the ration of entangled states in solid-state systems.
self-assembled QD’s used as active regions in the semicon- The present paper is devoted to theoretical study of parity
ductor lasers will provide low-threshold currents, a highSymmetry and spectral properties of the exciton in isolated
gain, and an improved thermal stability of the devices. Theand coupled self-assembled quantum dots. The paper is or-
coupled QD’s(Refs. 14—21can be treated as artificial mol- ganized as follows. In Sec. Il, we formulate a theoretical
ecules. The coupling between the QD's should be useful ifnodel of the exciton in a single QD. In Sec. lll, we gener-
optical applications, because it leads to an appearance @fize this approach to the case of the coupled QD’s. In Sec.
additional spectral lines. The positions of these lines can b/ wWe present the results and discussion and in Sec. V we
changed by choosing different interdot distances in a technddive the summary.
logical process.

The present study_ has been ins_pi_red by t_h_e recent Il. SINGLE QUANTUM DOT
measurement$ of exciton-related radiative transitions in
vertically stacked InGaAs self-assembled Q&'sThe ex- In this section, we formulate and parametrize a model of a

perimental resultd! obtained with use of the state-filling single QD, which will be used in the following sections for a
photoluminescence spectroscépyshow a strong depen- description of exciton states in coupled QD’s. Most of theo-
dence of the photoluminescence spectra on the distance beetical papers™223-?%dealing with the QD’s use the two-
tween the dots. In the state-filling spectroscépthe excit- dimensional model of the QD. Such a model does not allow
ing light of large intensity is used to fill as many electron- for a description of the coupling between vertically stacked
hole states as possible; so, all the allowed radiativéQdD’s. In order to describe the coupling between the QD’s
transitions can be detected. In recent measureniéftsar-  aligned in the growth direction, we have proposed a three-
ried out on a single self-assembled QD, the fine structure ofimensional model of a single, isolatedy®a _xAs QD.

the luminescence spectrum has been observed as a functidhe present model is based on the recent understai{difg

of the excitation power, i.e., as a function of the number ofthe growing process of the self-assembled QD’s. During the
the confined excitons. In the case of the coupled QD's, thgrowing process, InAs deposited on the GaAs substrate first
experimental spectfahave been taken from a sample con-forms a thin wetting layer and next InAs island. This nano-
taining a large number of QD’s. Then, the fine structure isstructure is subsequently covered with GaAs. Due to the in-
not observed, since the inhomogeneous broadening of thgium diffusion’ the self-assembled QD’s are made of the
luminescence lines is larger than the fine-structure splitingln,Ga, _xAs alloy with a spatially varying indium concen-
and the energetic positions of the lines do not show anyration. In this paper, we propose a model that takes into
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where mi™=0.023n,>" mS*=0.066"y,*® mM™e
=0.41my,%° mE*°=0.5m,,*° and m, is the electron rest
h mass.
A Equations(2)—(4) express the effective confinement po-
TWL\\\ # WL tentials for electrons and holes and the spatial modulation of
their band masses by a single indium distribution function
FIG. 1. Schematic of a single QD. Dashed line shows the con{1). The parameters of this functioX¢, R, andZ) will be
tour of the indium-concentration Gaussian distribution functionextracted from the experimental photoluminescent data for a
with rangeZ in the growth directionh is the height of the QD and single isolated QD. Such a procedure implicitly takes into
Twe is the thickness of the wetting layéwL). account the strain effectsand the indium concentration
given by Eq.(1) has an effective meaning. The same param-
account a spatial modulation of the indium concentration irgtrization, with values of parameters fixed for a single dot,
the nanostructure. The present model is based on the assunwgi!l be applied to coupled double QD’s. Therefore, the
tion of the Gaussian distribution of indium concentration in Gaussian distribution functiofiEg. (1)] can be treated as an
the QD. Explicitly, we assume that indium concentratioim  universal function, which allows us to include the most im-
the single isolated QD is described by the Gaussian functioportant effects for the real nanostructures.

of the cylindrical symmetry In the case of the position-dependent effective ma$ses,
the Hamiltonian of the electron-hole pair confined in the
X(p,z)=Xoexp(— p?IR?—2%/Z?), (1)  single QD has the following forniin atomic unitg:
where p?=x%+y?, X, is the indium concentration at the 1
center of the dotR is the dot "radius,” andZ is the half of its - Eve Me(T o) Vet Velpe ze) = Evh my(rp) Vi

"height.” The real self-assembled QD’s are not symmetric

with respect to the inversion of theaxis (Fig. 1). Therefore, _

parameter Z can be treated as the effective height of the TVh(pnZn) efop’ ®)

dot, which partially takes into account the presence of the »

wetting layer(Fig. 1). The InGa,_xAs island in the GaAs wherer, and r are the position vector; of the ele_ctron gnd
matrix is responsible for the potential confining the charge®le. respectively, anden=|re—r|. Since the dielectric
carriers in the quantum dot. The conduction-valence-bangroPerties of GaAs and InAs are similar, we have adopted
offset ratio for the InAs/GaAs interface was estimated to bdhe average valdes =12.5 of the static dielectric constant
70/30% Therefore, we assume the confinement potential td°r the InkGa, xAs alloy for all values oiX. Throughout the

be parametrized as follows: present paper, the conduction-band minimum of GaAs is the
reference energy level for the electron and the GaAs valence-
Ve(p,2)=—0.7AE4X(p,2) 2) band maximum is the reference energy level for the hcile
Egs.(2) and(3)].
for the electrons and Probabilityp of radiative transition from the exciton state
described by the wave functiob(re,ry,) is proportional to
Vi(p,2)=—0.30EX(p,2) (3)  the integral®

2

_=GaAs_ =InAs GaAs InAs
for the holes, wherd Eg=Eg Eg , Eg , andEg p~| | dredrn®(ro,r)d(re—rp)| . ©6)

are the GaAs and InAs energy gaps, respectively. In the

H aAs_
present calculations, we take E'S =1.5196 eV(Ref. 39 In the present paper, we consider the optically active exciton

and ElgnAs: 0'41_05 eV . . states, i.e., the states, from which the radiative transitions
Here, we briefly comment on the choice of the confine-(g|ectron-hole recombinatiorare allowed. For these transi-
ment potentia[Egs.(2) and(3)]. The application of the cy- igns the initial states correspond to zero total angular mo-
lindrically symmetric Gaussian potential allows us to de'mentum, since otherwise integrd) vanishes.
scribe the three-dimensional confinement of the charge We note that Hamiltoniaf) commutes with the operator
carriers in the QD’s, and to take into account a finite depth ofyt the » component of the total angular momentum and the
the confinement potential and an approximate parabolicity Of)arity operator. Both these quantities are conserved in the
the potential near the dot center. The properties of the ong;amework of the present model. However, because of the
and two-electron systems in the spherically symmetricyegence of the Coulomb-interaction potential in £, the
Gaussian confinement potential have been studied in detail i@ne-particle operators of parity azccomponent of angular
our recent papef’ _ _ . momentum do not commute with the Hamiltonian. Due to
Finally, in accordance with the assumed indium-ihe small size of the self-assembled QD’s the one-particle
concentration distributiofEq. (1)], we introduce the follow- _energies are considerably larger than to the Coulomb-
ing space dependence of the electron and hole effectiVgyieraction contribution. Moreover, the energy separations
INASSES: between the one-particle shells of different angular momenta
InAs Gan are also large with respect to the Coulomb term. On the
Men(p,2)= Mgy X(p,2) + Mely 11-X(p,2)], (4) contrary, in the coupled QD’s, the energy spacings between
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the one-particle states of opposite parities can be arbitrarily TABLE I. Convergence of ground-state energy estimé&gsor
small. Thus, it should be expected that the Coulomb interacan exciton confined in a single QD with increasing number of basis
tion essentially perturbs the one-particle parity. In this paperglements. In the first five columns, the upper limits of the corre-
we concentrate our attention on the problem of parity, whicksponding sums in Eq10) are listed. According to Eq10), labels
arises for the coupled QD’s. Therefore, we construct the exi» k. I, n, and p denote the different Gaussians dependent on
citon wave functions of zero total angular momentum, usingfe:Ph: Zes Zn, @dpen, respectivelyN is the total number of basis
the eigenstates of one-particle angular momentum, which is glements used in the calculations. The numbers in the first row
reasonable approximation in the problem considered. Wgorrespgnd to basiée).used in the latter part of the present paper.
shall label the exciton states by the one-partiemponent ~=€r9Y is expressed in me\V.

angular momentum quantum numbmarand use the follow-

ing dependence of the wave functit(r,,r,,) on azimuthal k ! N P N Fo
anglesep, and ¢y, : 2 2 3 2 24 —241.93
. 3 3 4 4 144 —242.22
Xm(®e,en) =exdim(ee—ep)]. (7) 3 3 4 4 1 144 24321
In the following, we consider the lowest-energy optically 3 3 4 4 2 288 —243.59
active exciton states witm=0, 1, 2, and 3 labeled kg p, d, 3 3 4 4 3 432 —243.70

andf, respectively. In Eq(7), the signs of the angular mo-
mentum quantum number for the electron and the hole are
q ?=0 in Eq. (10) we obtain wave functior8) for m=0.

chosen to be opposite, i.e component of the total angular Yp

momentum for the exciton is zero. All the states considered "€ results of the test calculations reported in Table | show
are symmetric with respect to the in-plane inversion, i.e., thdhat the neglect of the angular correlation yields the ground-

change of sign ok andy coordinates of both the particles. state energy estimate With the u_ncertainty less thgn 2 meV.
Therefore, the total parity of the exciton is entirely deter-FOr comparison the estimated widths of photoluminescence
mined by thez parity. peak$! amount to several meV. Therefore, ba@swith the

The eigenvalue problem for the exciton confined in theneglected angular correlation and smaller number of ele-

single QD has been solved by variational means with thénents(cf. Table ) is sufficient for the present purposes. The
trial wave function of the form results presented in this paper have been obtained with the

use of basig8), in which the sums run overk,n=1,2, |
D1(re,rn)=poMxm( ®e,@n) =1,...,3, andp=0 (cf. Table ). The energy eigenvalues
E,, calculated for given angular momentum quantum number
XE Gt 20,20 Zor) ®) m are used to determine the energy of the radiative interband
7, “ikinTikintPe:PhZerfn . Zet), transition, which is defined dsvy,=E§¥**+Ey,.
The values of the parameters describing the indium-

which is expanded in the Gaussian basis concentration distribution in E41) have been obtained from
_ €2 h2 e the adjustment of the calculated transition energies to the
Fiin(PesPn Ze Zn,Zen) =€XP(— ajpe— a'ph— BiZe experimental dafa for the isolated QD’s. For this purpose
_pho2 72 we have used the photoluminescence spec?&mken at the
Brzh—vZen), )

interdot distance of~15 nm, for which the QD’s can be

wherez,,=2z,—z;,. In Eq.(9), variational parametercsf and treated as spatially separated and uncoupled. The values ob-
a" (B¢ andB") describe the localization of the electron andtained areX,=0.66, Z=0.92 nm, andR=24.9 nm. The
the hole in thex-y plane ¢ direction, and y* accounts for ~comparison of the calculated and meastterhdiative-
the correlation of the relative motion in taalirection. Wave  transition energies for the isolated quantum dot is presented
function @, partially includes the radial correlation between in Table Il. The further description of the vertical coupling
the electron and hole, since it cannot be separated into a
product of p, and p,, dependent functions. However, it ne-
glects the angular correlation.

In order to check a quality of trial wave functidB) we

TABLE Il. Calculated energy eigenvaluds,, of the optically
active exciton states for the single QD, energy spacitgs be-
tween the consecutive energy levels, and calculated radiative-

’ . transition energiev , . The measured transition energles,
have performed test calculations for the exciton ground-statg . .+ -ted from the photoluminescence-peak positieé 21

engrgyEo l_“'s_ing, a more genleral variational wave fu_nCtion'taken for the separated QD'sa€ 15 nm). The states involved in
which explicitly includes the in-plane electron-hole distance e ransitions are quoted in the first column. Energy is expressed in

For m=0 this wave function has the form meV.
E AE h h
‘Do(fe,rh):_% Cikinp€XP — afp3— auph— B Z2— Bz m Veale Vexet
yene ss —241.9 1277.7 1278.2
— Yhpen— YZan), (10) p-p ~197.2 44.8 1322.4 1322.2
X , , o d-d ~159.7 375 1359.9 1359.4
where pgp=(Xe=Xn)“+(Ye—Yn)© and variational param- ¢ ¢ -125.9 33.8 1393.7 1394.4

etersyp are responsible for the in-plane correlation. Putting
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TABLE lll. Calculated lowest-energy levels of the electré,, b)
and holeE,,, states in the single Qthe mutual Coulomb inter- a) P Q
action omitted. The separationdE, ,, between the consecutive en- 2Z t
ergy levels are also quoted. Energy is expressed in meV.

/ a
E. AE, Ep AE,
S —118.3 —101.4 a
>
P —89.0 28.3 —93.0 8.5
d —64.1 25.9 —84.7 8.3 . , )
f 407 234 _76.6 8.1 FIG. 2. Schematic of coupled QD’s. The barrier and spacer

thicknesses are denoted byndd, respectivelya is the interdot-
center distance. Plgg) shows the profile of the confinement poten-
nti_al in the growth direction and plab) shows the geometry of the
two coupled dots.

between the QD’s requires an accurate modeling of the co
finement in the growth direction. In this context, we have to
emphasize that the value @gfwe have obtained from our fit
very well agrees with the experimental resdiThe heighth ~ new fitting parameter. The shape of the potential confining
of the dot was estimated by the transmission-electrothe charge carriers in the coupled QD’s, obtained from Egs.
spectroscopi to be smaller than 2 nm, whereas the wetting-(2) and(11), is schematically displayed in Fig(&. Figure
layer thicknessTyy, =0.54 nm(Ref. 21 (cf. Fig. 1, where 2(b) shows the geometry of the coupled-dot nanostructure. In
h=2Z—Ty.). Table Il shows that the differences betweenEd. (11), the values of paramete¥s, R, andZ are the same
the calculated and measured radiative-transition energies d& for the single QOSec. I). In this section, we are using

not exceed 0.5 meV, which is considerably less than the exthe same formulas for the confinement potentials, effective
perimental uncertainty. masses, and Hamiltonian as those given in Sec. Il. In these

Table Il shows that energy spaciny& between the sub- formulas, we substitute concentration distribution function

sequent energy levels decrease with the increasing energy of by Ed.(11). For the exciton confined in the coupled quan-
the interband transitions. According to our interpretation,tum dots we propose the following trial wave function:
three effects of comparable importance are responsible for

this behavior. If the energy of the electron-hole pair state mom

increases, the charge carriers become more weakly localizeB2("e:Th) = Pe Ph Xm(®e ¢n)

and in consequencg) the effect of the nonparabolicity of 11

the confinement potgntial becomes stror?@e(ii) the. elec- _ % 2 E 2 C?.fﬂhfjkm[l)e,f)h,ze

tron and hole effective masses become larger with the in- Ne=0 np=0 jkin

creasing distance from the dot cenfef. Eq. (4)], (iii) the +(=1)e(al2),25+ (— 1)™(a/2), Zer], (12)

Coulomb interaction between the confined charge carriers

decreases. In Table Ill, we have listed the energy levels of

the quantum-dot confined electron and hole calculated withvhich is a generalization of the form given by E§). Wave

the neglect of their mutual Coulomb interaction. The spacfunction (12) allows for a description of the electron and

ings between the hole energy levels are much smaller thahole states of both even and odd parity. Due to the presence

those for the electron, which results from the larger effectiveof the Coulomb-interaction term in Hamiltonigh), the ex-

mass of the hole. We also see that—contrary to the case @ict wave functions areot eigenfunctions of the one-particle

the parabolic confinement—the energy levels are not equallparity operators. Therefore, they do not possess a definite

spaced. The effective nonparabolicity of the confining potensymmetry with respect to the change of sign of #reoordi-

tial is consideraby smaller for the hole, which results fromnate of one particle only. However, Hamiltoniés) is invari-

the larger localization of the heavy hole near the dot centerant with respect to the simultaneous change of sign of both
the coordinatesz, and z,. Thus, the electron-hole wave

IIl. COUPLED QUANTUM DOTS functions possess a definitetal parity. The symmetry with

respect to the total parity applied to E@) yields the fol-

The parametrization obtained in Sec. Il for the single QDlowing selection rules: radiative transition is allow@drbid-
enables us to discuss exciton states in coupled QD’s. For thigen for the initial state of eveifiodd) parity. Therefore, only
purpose we have extended the model formulated in Sec. Il tthe states of the even total parity are optically active.
the case of vertically stacked QD’s. Accordingly, the indium-  The thickness of the barrier between the QD’s is a more
concentration distribution in the two coupled, vertically appropriate parameter for a description of the interdot cou-

stacked QD’s has been expressed as follows: pling than the distance between the dot centers, since the
912 B self-assembled QD’s do not possess well-defined centers. In
X(p,z)=Xoexd — p/R = (z—al2)/Z7] the framework of the present model, thickness the inter-

+Xoex — p2R2— (z+a/2)2Z%],  (11) dot barrigr is defined as foIIOW$._: a—2Z [cf. Fig. Zg)],
where a is the interdot-center distance. The experimental
wherea is the distance between the centers of the QD’s. Weesult$* have been given as functions of spacer thickrnikess
note that the model of the coupled QD’s does not contain anyffhese two parameters are related by d+ Ty —2Z
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FIG. 3. Calculated one-particle energy levels of the electron
(solid curve$ and the holgdashed curvesas functions of barrier
thicknesst (distancea between the centers of the dptSigns +
and — correspond to the states of even and adghrity, respec-
tively, and symbolss, p, d, andf denote the angular momentum
quantum numberm=0, 1, 2, and 3, respectively.

FIG. 4. Calculated energy afandp states of the exciton con-
fined in the coupled lgGaAs_x QD’s as a function of barrier
thicknesg (interdot-center distancg). Solid (dashedl curves show

the results for the even-parity optically actit@dd-parity optically
inactive states. Dotted lineflabeled byES+ES andES+Eyp) dis-

play the sums of the energies of the electron and the hole localized

. . . . . in the different infinitely separated QD'AE, and AE, are the
[cf. Fig. 2Ab)], Wh'c_h yields the foI_IOWIng relation _be' electron-hole Coulomb-interaction energies $oand p states, re-
tween the spacer thickness and the interdot-center d'StanC&iectively.

d=a—TW|_.

IV. RESULTS AND DISCUSSION confined in the single QLcf. Table ). Similarly, the energy
of lower p level becomes equal to the energypddtate of the

In Fig. 3, we have plotted the calculated energy levels ofxciton in the separated Q@f. Table Il). In the same limit,
the electron and hole confined in the coupled Q@igh the  the higher-energy levels of both angular symmetries tend to
electron-hole Coulomb interaction omitjeds functions of the corresponding sums of the energies for the noninteracting
the barrier thicknesfinterdot-center distangeFor large in-  electron and hole confined in the separated Qbfs Table
terdot distances the energy levels are twofold degeneratdl.). These limit values marked by the dotted lines in Fig. 4
When the distance between the dots decreases, the deg@orrespond to the dissociated exciton.
eracy with respect to the parity is lifted. The energies of Figures 5, 6, and 7 display the contours of the probability
even- (odd-) parity states decreadéncrease with the de- amplitudes, i.e., the electron-hole wave functio®s(r,
creasing interdot separation. The resulting splitting of the=(0,0z.),r,=(0,07,)) for the four lowest-energy states of
energy levels is much larger for the electron than for the holes symmetry. In these figures, the coordinates corresponding
and only weakly depends on the angular-momentum quarte the centers of the QD’s are marked by the dashed straight
tum number. lines and the whitédark gray areas correspond to the lowest

Figure 4 presents the dependence of the eight lowesthighes} values of the wave functionsn plots (a) through
energy levels for the andp states of the exciton confined in (d), the shades of gray do not correspond to the same values
the coupled QD's\with the Coulomb interaction includ¢d of the wave functiof Figures 5, 6, and 7 show the asymme-
on the barrier thickness. The solid curves correspond to they in the electron and hole probability distribution, which
optically active states of even total parity and the dashedesults from the stronger localization of the hole due to its
curves corespond to the states of odd total parity, from whiclarger mass.
the radiative transitions are forbidden. For large barrier Let us consider the case of large interdot distar(és.
thickness the lowest-energy and p levels as well as the 5). In the two lowest-energy degenerate st@kdgs. 5a) and
higher-energy levels are twofold degenerate. This degerb(b)], the values ofb, differ only in signs, i.e., these states
eracy is lifted by the interdot coupling for small interdot are characterized by the same probability density. The iden-
separations. In the limit—o the exciton ground-state en- tical property holds true for the two degenerate excited states
ergy becomes equal to the ground-state energy of the excitdef. Figs. 5c) and §d)]. The probability amplitudes for the
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FIG. 5. Contours of exciton wave functions
®,(re=(0,02),r,=(0,02,)) for interdot-center
distancea=16 nm, plotted along the axis as
functions of the electrorz, and holez, coordi-
nates for(a) the ground state and thb) first, (c)
second, andd) third excited state. Whitédark
gray) areas correspond to the lowegtighes
values of the wave functions. The shades of gray
express the relative values of the wave functions,
but are not the same in plota)—(d). In plots(a)
and(d) [and also in &) and 7a)], the wave func-
tions equal zero in the white areas, whereas in all
the other plots the contours corresponding to the
wave function equal to zero are denoted by 0.0.
Dashed straight lines correspond to the coordi-
nates of the dot centers.

anm]

FIG. 6. Contours of exciton wave functions
for interdot-center distance=7 nm. The sym-
bols have the same meaning as in Fig. 5.

zh[nm]

0
ze[nm]
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FIG. 7. Contours o6 exciton wave functions
for interdot-center distancea=4 nm. The sym-
bols have the same meaning as in Fig. 5.

o
=]

0 2 4 4 2 0 2 4
ze[nm] ze[nm]

degenerate ground state possess extrema on the straight lipgermediate distance between the dais=(7 nm). The re-
Z.=z; and those for the degenerate excited states possesgits of Fig. 6 show that the correlation in the relative
extrema on the straight ling.= —z,. This means that the electron-hole motion is weaker than in the case of large in-
twofold degenerate ground state corresponds to the electrogsiqot distances. In the two lowest-energy stdfégs. 6a)
hole pair confined in the same quantum dot, whereas in thgng gp)], both the particles still prefer to occupy the same
twofold degenerate ex_c:lted s.tate, }he electron is conflned_@D, but there appears a nonzero probability of occupation of
one QD and the hole is confined in the other. Therefore, inyigterent dots. In the third and fourth excited stafégs.

the limit of large interdot distances, the two pairs of degen-6(c) and Gd)], both the particles exhibit the tendency of

erate states correspond to essentially different physical Siuﬁvoiding each other, but with the nonvanishing probability of

ations, i.e., the bound exciton and the dissociated exciton, .
dccupation of the same QD.

The ground-state wave functions inside a single QD show In Fia. 7. the shapes of the exciton wave functions are
the inversion symmetry with respect to the dot cenEédgs. 9- 7, ap .
shown for a small interdot-center distanc@=(4 nm). In

5(a) and Jb)]. The excited-state wave functions are slightly >' X i o - .
spread out in the direction of the other QD, in which theth's case, the wave functions begin to exhibit a definite parity

oppositely charged particle is localizEgigs. Fc) and 5d)]. with respect to the change of IS|gn'of the smgleoordmate. .
We note that for large interdot distances the exciton wave he ground-state wave function is approximately even in
functions do not show any trace of the symmetry with re-both thez, andz, coordinateqFig. 7(a)]. The first excited
spect to the one-particle parity. Obviously, these wave funcstate[Fig. 7(b)] corresponds to the even-parity electron state
tions are symmetric with respect to the simultaneous changand odd-parity hole state. On the contrary, in the second
of sign of both thez, andz, coordinates. excited stat¢Fig. 7(c)], the electron possesses the odd parity
If the distance between the dots decreases, the energy afid the hole possesses the even parity, whereas in the third
the excited state slightly loweref. Fig. 4), which results excited statdFig. 7(d)] both the particles possess the odd
from the increasing attraction between the electron and holparity.
localized in different dots. This effect is not observed in the According to the results of Figs. 5, 6, and 7, the one-
ground state, in which both the charge carriers are confineparticle description of the parity symmetry is approximately
in the same QD. Therefore, in the case of large interdot distrue only for small interdot distances, i.e., in the limit of the
tances, the only effective coupling is the long-range Coustrong interdot coupling. In a general case, the one-particle
lomb coupling between the charge carriers localized in theparity is not well-defined. Therefore, one has to be very care-
different QD’s. Figure 4 shows that for the barrier thicknessful when describing the symmetry of the exciton for the
t=8 nm the higher-energy branches begin to grow and theoupled QD’s, especially when using one-particle methods,
degeneracy is lifted. In Fig. 6, we have plotted the excitore.g., LDA approach® which cannot reproduce the total ex-
wave function for the four lowest-energy states in the case ofiton parity. In particular, we can expect that—for some in-
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FIG. 9. Energyhv of radiative transitions from the even-parity
exciton states with one-particle angular-momentum quantum num-
bersm=0 (s),1 (p),2 (d), and 3 ) as a function of spacer thick-
nessd (a is the interdot-center distance, wheredsa—Ty,).
Solid curves show the results of the present calculations and full
circles show results of the experimental dgRef. 21].

FIG. 8. Estimated probability of the radiative transitions from
the even-parity ground and excited state of the exciton withO
confined in the coupled QD’s as a function of barrier thickness
(distance between the dot centers The transition probability is
expressed in arbitrary units.

terdot distances—the broken-parity self-consistent solutionthe energy levels and relative recombination probabilities for
possess a lower total energy. the states of highan are qualitatively the same those for the

The parity of the exciton state strongly affects the prob-s states. This means that the vertical interdot coupling is only
ability of radiative transitions, i.e., the electron-hole recom-weakly affected by the in-plane motion.
bination. In Fig. 8, we have plotted the radiative-transition ~As we have shown the radiative transitions are forbidden
probability calculated according to formu(é) for the opti-  for the odd-parity initial states and are less probable for the
cally active exciton states witm=0 (s state$ and even excited even-parity statdsf. Fig. 8. This leads to the con-
total parity. The probabilities of the radiative transitions from clusion that the dominant contribution to the photolumines-
the grounds state take on fairly large values for all the dis- cence spectrum of the coupled dots originates from the
tances between the QD’s. In the ground state, the probabilitiowest-energy even-parity exciton states for givenThe
for the electron and the hole to be localized in different QD’sinterdot coupling shifts the energies of these states towards
increases with the decreasing interdot distajufe Figs. 5  the lower valuegcf. Fig. 4).
(@), 6(a), and Ta)], which leads to the decreasing probability = Based on these results, we can now compare the predic-
of the electron-hole recombination. The behavior of thetions of the present model with the experiméhtn Fig. 9,
probability of the recombination from the excited even-paritywe have plotted the energies calculated for the allowed ra-
s state is just opposite. In this state, the charge carriers amiative transitions. The experimental d&tamarked by the
spatially separated for large interdot distanfg#sFig. 5(d)].  full circles, have been extracted from Ref. 21. Figure 9
Therefore, the exciton wave function under integi@l is  shows that the calculated transition energies agree very well
equal to zero, which causes the probability of the radiativewvith the measured positions of the photoluminescence
transition from the excited state to vanish. When the distancines?! The exciton recombination lines exhibit the pro-
between the dots decreases, the charge carriers can be loaabunced redshift with the decreasing interdot distance. The
ized in the same QD and the excited-state recombinatiofollowing physical interpretation of this redshift can be
probability takes on nonzero and increasing val(€g. 8). given: the decrease of the interband transition energy means
However, the probability of the radiative transition from the that the exciton binding energy increases with the decreasing
excited state always remains smaller than that from thénterdot separation. This effect mainly results from the low-
ground state. ering of the one-particle energiésf. Fig. 3, i.e., the stron-

We have performed similar calculations for the excitonger quantum confinement of the electron and the hole in the
states with higher angular momentum quantum nunther double quantum well with the growing effective range.
The results(not presented hereshow that the properties of In the experimental spectfa,taken for the QD’s with
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height h=2 nm, no additional photoluminescence linesAccording to our results, one of the new peaks with the
were observed. The appearance of additional photolumine$owest energy should correspond to the excietiate of the
cence lines was report€dor the coupled QD's of the larger €ven total parity.
height h=3 nm). Unfortunately, the evolution of these ad-
ditional lines with the varying interdot distance was not pre-
sented, probably because of a strong overlap of the lumines- V. SUMMARY
cence maxima. The authors sugge$tatiat thes exciton ) .
line does not split and that the splitting becomes consider- N the present paper, we have introduced a theoretical
ably larger for the highly excited exciton states. Based on th&"0del of a single QD based on the assumption of the Gauss-
results of the present calculations, we argue that these sulf? distribution of indium concentration. We have general-
gestions are not correct. The calculated spacings between tH€d this model in order to describe the c,oupllng between the
energy levels of the even-parisandp states are comparable vertically stacked .self—_assembled QDs., The eigenvalue
(cf. Fig. 4 and the dependence of the relative recombinatiorProPlem for the exciton in the coupled QD's has been solved
probability on the barrier thickness is similar for both the With the use of the many-element variational basis, which
states. Therefore, if the higher-eneggtate is observed, the partially takes into account the two-par_tlcle correlation ef-
higher-energs state should also be observed. fects. A good agreement hgs been obtained petween the cal-
Let us discuss a possibility of an experimental observatiopulated and measured positions of photoluminescence peaks
of the energy-level splitting for the exciton in the coupled for d|ﬁergnt interdot dlsfca'nces'. This agreement.supports our
QD’s. As we have shown abovef. Fig. 4, in the limit of _hypothe_5|s of the negllglble_lnfluence of the m_ter-excnon
large interdot distances, for given the two pairs of energy interaction on the photoluminescence spectra in the self-
levels are twofold degenerate. These levels are associat@§Se€mbled quantum dots. The present results show that the
with the twofold parity-degenerate ground and excited state?roP0sed Gaussian concentration distribution with the pa-
In each pair, only one statef even total parityis optically ~fameters fixed for the single QD is a universal function,
active and can be detected experimentally. This feature i@’h',ch implicitly includes the most important effects in real
independent of the interdot distance. Therefore, a possibl@D'S and properly describes the electronic properties of both
removal of the degeneracy of the two exciton states with thdh€ isolated single QD and coupled double QD's. For the
different total parity cannot be observed experimentally. ~ coupled QD's we have studied the symmetry with respect to
The higher-energy exciton states of even total parity carthe parity of the exciton states. _The present rgsults show
be observed under certain conditions. The even-parity statd8at—in a general case—the exciton wave functions do not
corresponding to the same angular momentumaineys ~ POSSESS a def_lnlte one-particle parity and (_)nly the t(_)tal two-
i.e., for all interdot distances, energetically separdoédFig. particle parity is conse_rved. For very small mter_d(_)t distances
4). In the limit of large interdot distances, the higher-energyth® ground-state exciton wave functions exhibit the one-
exciton states cannot be detected, since the electron and tR@ticle parity, butin an approximate manner only. We have
hole occupy different dotéct. Fig. 5 and the transition prob- also suggested that 'the recent assignment of the addltlo'nal
ability vanishes(cf. Fig. 8. The recombination from the ex- photoluminescence I|_nes observed for the small interdot dis-
cited states can be observed only for small interdot distancd@nces should be revised.
(Fig. 8. If the additional photoluminescence lines connected
with the higher-energy states of even parity appear in the ACKNOWLEDGMENTS
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