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We study the Stark effect for an exciton confined in a pair of vertically coupled quantum dots. A single-band
approximation for the hole and a parabolic lateral confinement potential are adopted which allows for the
separation of the lateral center-of-mass motion and consequently for an exact numerical solution of the
Schrédinger equation. We show that for intermediate tunnel coupling the external electric field leads to the
dissociation of the exciton via an avoided crossing of bright and dark exciton energy levels which results in an
atypical form of the Stark shift. The electric-field-induced dissociation of the negative trion is studied using the
approximation of frozen lateral degrees of freedom. It is shown that in a symmetric system of coupled dots the
trion is more stable against dissociation than the exciton. For an asymmetric system of coupled dots the trion
dissociation is accompanied by a positive curvature of the recombination energy line as a function of the

electric field.
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[. INTRODUCTION be obtained in a single band model of coupled quantum disks

. neglecting the straif Actually, as we discuss below analyz-
Strained self-assembled InAs/GaAs quantum dots growih, o"se stark shift of the first excited state, this deviation is

on subsequent layers stack spontaneously one above tjge to a near degeneracy of the ground-state aréigne-
othef? forming artificial molecules with spatially extended sulting from the weakness of the hole tunnel coupling. In the
states due to the tunnel interdot coupling. The.photoluminespresent paper we report on another deviation of the Stark
cence(PL) spectrum of the coupled dots consists of a nuM-it from quadratic form related to the exciton dissociation

ber of lines which are blue or redshifted by the couplihg ;5 4 ground-state anticrossing of a bright state with both

depending on the way the single-particle electron and hol@,riers in the same dot and a dark state with separated car-
wave functions contribute to the exciton states in question. qys.

Application of an electric field oriented along the growth Quantitative modelin}-1° of single quantum dots re-

direction offers the possibility of external control of the quires taking into account the valence band mixing, the gra-
strength of the tunnel coupling. Recent experimental réSultsgiens in the indium distribution, strain effects, and confine-
on the Stark effect for vertically coupled pai_rs of nonidenti- ot geometry which are very different for quantum dots
cal dots showed the effect of tunnel coupling through theapicated at various laboratories. In this paper we present a

appearance of avoided crossings between states localized ify;jiative study of the effects of the external electric field on
different dots. Previously, tunnel-coupling related Stark shifty, e jnterdot tunnel coupling visible in the Stark shifts of the

of the electroabsorption spectra has been observed in Verticﬂﬁght energy levels, which should be universal for various

stacks of several quantum déts. types of coupled dots. In particular we focus on the effect of

Stark effect on the exciton states in vertically coupledihe glectron-hole interaction which was negledtedtreated
self-assembled quantum dots has previously been studied j§ 5, approximate manrfein previous work. For a single

REfS'77 and 8. An anomaly in the ground-state Stark shift wag,;antum dot the Coulomb interaction may have a small ef-
found” by thek-p method accounting for the strain effects ot on the Stark shift since the interaction energy only

and realistic shapes of the dots. This anomaly consists iy eakly changes with the small displacement of the electron
deviation of the ground-state energy line from the usual quagng hole wave functions inside a single dot. On the other
dratic dependen€eon the external field hand, the role of the interaction for the Stark effect in
E(F) = E(Fo) - p(F = F) - B(F = F)?, (1) coupled dqts is ess_entia_ll since t_he effect of the external fi_eld
on the exciton consists in breaking the electron-hole binding
where F is the electric field for which the overlap of the and segregation of carriers into different dots.
electron and the hole wave functions is the largest and for In the present work we use a simple model potefitial
which the recombination energy is maximpljs the dipole  with a square quantum well for the vertical confinement and
moment and3>0—the polarizability. The shift calculatéd parabolic lateral confinement adopting the single band ap-
for coupled dots can only be approximated with two paraboproximation for the hole. Due to the applied idealizations the
las: one forF <F, and the other foFF >F,;, amounting in a model is exactly solvable. Our results fully account for the
cusp atF,. Although this deviation was attributédo the interparticle correlations due to the Coulomb interaction and
strain distribution it was shown that such a behavior can als@over also the excited states.
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A recent experimefton the Stark effect in a vertically h2 ) h2 ) Mew? ) My’ )
coupled system of quantum dots was performed on a chardd = ~ m e th o, et TPt Ve(Ze) + Vi(z)
tunable structure, similar to the one used in studies of nega- n
tively charged exciton® A spectacular change in the spec- _
trum was observeglwhen an electron was trapped in the dot Amre€yf o
closer to the electron reservoir. Namely, a sudden drop of the
recombination energy and an unexplained positive curvaturashere p2=x2+y?, (Xe,Ye,Z) and (X,,yn,z,) are the position
of the recombination line as a function of the electric fieldvectors of electron and the hole, respectively.is the elec-
was observef . This observation motivated us to look at the tron hole distancen, (my,) is the electron(hole) effective
Stark effect for the negatively charged trion. For the negativhand masse is the dielectric constant, anfi(z) is the po-

trion we apply the approximation that the lateral degrees ofential of the external electric field taken as
freedom are frozen. The validity of this approximation is first

verified for the Stark shift of the exciton energy levels. In FZny fOr Znax< Z
nanostructures the trion binding energies with respect to the D=1 Fz f e 3
dissociation into an exciton and a free electron are consider- 2= Z 10T Zmin= 2= Zmax )
ably increased! However, the trion binding energy is usu- Fzyin for Z= Ziin
ally substantially smaller than the exciton binding energy. ) o ]
We report here that for a symmetric system of verticallywhereF is the value of the electric field assumed to be uni-
coupled quantum dots the trion isore stable for dissocia- form betweenzy, and zy., (which can be identified as the
tion by the external electric field than the exciton. The studyPositions of the electrodgsin the calculations we leave a
of the dissociation mechanism shows, that for the pair offPace of 10 nm between the dots and the paigisandzmax
identical dots the trion is dissociated into a pair of electrond?@yond which the electric field is assumed to be zero.
confined in one dot and a hole in the other. Only for the ~The model of the coupled quantum dots used in this paper
asymmetric system of coupled dots a dissociation into afvas previously appliedl to describe the exciton coupling
exciton and a free electron is obtained as an intermediate sté}$tween dots in the absence of an external electric field. The
before the final separation of the hole from the two electronsauthoré® used the configuration interaction scheme to ac-
In this case, the trion is more easily dissociated than th&ount for the lateral correlations between the electron and the
exciton. The positive curvature of the recombination energyole. The configuration interaction approach for the electron-
as a function of the electric field is obtained for the trion N0le Systems is computationally much more challenging than
ionization process into an exciton and a free electron.  for the electron systems due to its slow convergéfice.
Previously, trions in vertically coupled dots were studied I herefore, in this paper we will make explicit use of the
in the absence of the external fi#dand neglecting tunnel lateral separab|llty of the center of mass. After introduction
coupling between the dofs. of the lateral relativepen=(Xe—X,Ye=Yn) and lateral center-
This papers is organized as follows, the next section con@f-Mass pem=(MXe+MpXy, Meye+Myy,) /M coordinates, the
tains the description of the theoretical approach, the resultsamiltonian can be expresses as a sum of the lateral center-
are given in Sec. lIl, their discussion is presented in Sec. [Vof-mass HamiltoniariH,,) and the Hamiltonian for the rela-
Section V is devoted to the summary and conclusions.  tive lateral—and the single-particle vertical—motioH,,),
which are given by

+ed(z,) —ed(z,), (2

Il. THEORY 52
_ 7 2

2
. . N Hem= Ve +—— 4
We assume a parabolic lateral confinement potential with em Pem “

equal electron and hole confinement enetfw). Vertical
confinement for the electrdivVe(z.)] and the holg¢V,(z,)]is and
taken as double well potentials of depdf] for the electron
and \?° for the hole and of widthw=6 nm separated by a R, PR R P pe?,
barrier of thickness. Isolated quantum dots may possess a '™~ o Vren om.aZ  oma2 2 Pen’ Ve(ze)
- " 2mgi2 2myiz 2
built-in strain-induced electric field pushing the hole to the 2
top of the dot as found in the photocurrent measurements of _ _
the Stark effect on buried quantum détsHowever, in +Vilz) 477660reh+ eb(z) - eP(z), ®
coupled quantum dots the built-in electric field has the op-
posite orientatioR. Therefore, this intrinsic electric field is with M=mg+m,, u=mm,/(m.+m), Vf, stands for the La-
neglected in the present calculatidins fact, such a build in  placian in thex-y plane. The exciton wave function can be
electric field can also be interpreted as a shift of our appliedvritten as
field). For self-assembled quantum dots the assumption of
harmonic lateral confinement is not valid, however, it should W(rern) = X(Peh Ze: 20) Yerd Per) (6)
not essentially modify the susceptibility of the carriers to the
electric field oriented vertically. where y and i, are the eigenfunctions of thd,, and the
In the present model the Hamiltonian of the system can bél.,, Hamiltonians, respectively. Functiogsg,, are simply the
written as eigenfunctions of a two-dimensional harmonic oscillator.
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The eigenstates of Hamiltonig®) have definitez com-  shift of the negative trion recombination line which increases
ponent of total angular momentum and -0 also have with decreasing size of the dot and consequently leads to a
definite parity with respect to a change of sign of the decrease of the redshift due to the tunnel effect in coupled
coordinates. The absorption/recombination probability for quantum dotg? In two-dimensional quantum wells the ex-
stateu is proportional to the integral perimentally observed positive and trion recombination en-

2 ergies for zero-magnetic field are nearly equal, although in
strictly?? two-dimensional confinement significantly lower
recombination energy for the positive trion was predicted.

2 This effect is explainet—32 by stronger hole localization.

. (7 Therefore, the adopted confinement potential takes into ac-
count the electron-hole interaction enhancerffefit33with

In the present paper, we consider only states whose symmEespect to the electron-electron interaction.
try does not prevent them to be bright, i.e., states in which
both the relativey and the center of masg,,, eigenstates IIl. EXCITON IN VERTICALLY COUPLED DOTS
possess zero angular momentum. In the following we show
and discuss only results for states in which the center of mass
is in the ground state. The spectrum wstsymmetry center- For F>0 the electric field pushes the electron to the left
of-mass excitations is simply a replica of the spectrum corand the hole to the right dot. The dependence of the energy
responding to the ground state of the center of mass shiftesbectrum on the external electric field fo=2 nm is plotted
by the energy 2w. The recombination probabilities for the in Fig. 1(a). At zero electric field the first excited state is of
states corresponding to zero angular momentum center-obdd parity and corresponds to the excitation of the stz
mass excitations amexactlyequal to the corresponding states the inset to Fig. (a)—excitation energy is just 0.25 mgyV
with the ground-state center of mass, since integrals of all th&he electric field breaks the parity symmetry of the system
s type wave functions of a two-dimensional harmonic oscil-and the excited state becomes optically acfofethe inset to
lator are equal, which is due to a property of Laguerre polyFig. 1(a)]. The dependence of the wave functions on the
nomials. For potentials, in which the parity is a good quan-electric field is displayed in Fig.(3). In order to explain the
tum number, i.e., for identical quantum dots without anfield dependence of the spectrum we have plotted in Fiy. 2
external field, we consider only states of even parity, the oddhe probability densities integrated over the lateral degrees of
parity states being dark. freedom, which gives more accurate information about the
The eigenfunctiong of Hamiltonian(5) are calculated on localization of particles than the wave function on the axis
a three-dimensional finite-difference mesh with the imagi-{whose integral over, andz, gives the recombination prob-
nary time techniqué’ We use the material parameters for anability, cf. Eq. (7)]. In the ground state the hole becomes
In,Gay_,As quantum dot embedded in a GaAs matrix with aentirely localized in the right quantum dot for a relatively
uniform concentration of indium in the quantum dat weak electric fieldsee the plots foF=30 kV/cm in Figs.
=0.66% We take the following parameters for the alloyed 2(a) and 2b)]. The ground-state localization of the electron
quantum dot materiak=12.5, m;=0.037n,, m,=0.45m,, in the left dot appears at a much higher electric field, leading
where m, is the free electron masS/gz—O.SOS eV,Vﬂ eventually to the extinction of the recombination intensity. In
=-0.218 eV, and we take for the lateral confineméai the excited part of the spectrum one observes two bright
=20 meV. We note, that in the limit ciw=0 the present energy levels which tend to degeneracy at high electric field
problem reduces to the Stark effect for an exciton in coupledicf. levels labeled by, andb, in Figs. 1a), 2(a), and Zb)].
quantum wellg8 In these two energy levels the electron and the hole occupy
For a particle of masm confined in a harmonic oscillator the same quantum dfit is more clearly visible in Fig. @),
potential of energyiw, the localization radius defined as the for the wave function plots presented in FigaRthis ten-
square root of the expectation value xf+y? is equal to  dency is apparent only at high electric field, cf. the plots for
Vilmw,. For the assumed center-of-mass separation the hotbe third and fourth excited states =90 kV/cm). In the
is therefore more strongly localized than the electron by aright energy levels marked Ky the carriers become local-
factor of Vm,/m.. In InAs/GaAs quantum dots the hole con- ized in the left quantum dot which is favorable for the elec-
finement is stronger than the electron confinement which isrostatic energy of the electron and unfavorable for the elec-
due to the finite quantum well efféétand the electron-hole trostatic energy of the hole. In the higher bright energy level
interaction which localizes the heavy hole much moremarked byb, the electron and the hole are localized in the
strongly than the light electron. In Fig. 7 we show that aright quantum dot, favorable for the hole and unfavorable for
change in the strength of the hole and electron lateral corthe electron. Thd, level increases when the electric field is
finement does not influence the qualitative features of thewitched on. On the other hand theenergy level decreases
spectra in an external electric field. It merely leads to shiftawith field. This behavior is due to a reaction of the electron
of the energy levels along the energy axis. on the field which is delayed with respect to the reaction of
For the negative trion in quantum dots with a rectangularthe hole being more easily localized in one of the dots by the
well confinement the effect of a stronger hole localizationfield [cf. Fig. 2b)].
leads to a larger electron-hole interaction energy than the Figure Xa) shows that the two bright energy levels exhibit
electron-electron interaction ener$fyThis produces a red- avoided crossings and anticrossings with the dark energy lev-

Pu=

Jdﬁrqfﬂ(re,rh)é?’(re— Mn)

= ‘ J AX%edYetcr(Xe:Ye) J dZex,(0,2,2)

A. Stark effect

205316-3



SZAFRAN et al. PHYSICAL REVIEW B 71, 205316(2005

-540 at aboutF=90 kV/cm. All the avoided crossings become
narrower with respect to the stronger tunnel coupling case of
Fig. 1(a@). The most pronounced anticrossing is the one be-
tween theb, and| energy levels, like fob=2 nm|[cf. Fig.
1(a)]. The curvature of the degenerate bright energy levels at
high electric fields results from the electric-field-induced de-
formation of the electron and hole wave functions within
each of the quantum dots.
LN NN The most interesting spectrum is obtained for larger bar-
0 30 60 90 120 150 rier thickness. Figure (t) displays the electric-field depen-
F [kviem] dence of the exciton energy spectrum fo=7 nm. For
540 F=0 the twofold degenerate ground state corresponds to
(b) both carriers in the same quantum ficft Fig. 2b)], while in
v the nearly degenerate excited state the carriers occupy differ-
b, ent quantum dots. The degenerate ground state energy is not
-560¢ b, 1 affected by the electric field, since the electrostatic energy
gained by the electron is lost by the hole anck versaThe
! electric-field dependence of both the split excited energy lev-
580! ] els, which correspond to spatially separated charge carriers,
is strictly linear. This energy level anticrosses thebright
s - ‘ energy level aroun&=9 kV/cm. After the avoided crossing
0 40F [kv/c?r?] 120 the state with carriers separated by the external electric field
becomes the ground state. The bright statis not involved
-546 . . . in the anticrossing and its energy is independenkE of-or
© larger b the discussed anticrossing becomes narrow and
-552 > 1 barely visible.
Figure Zc) for F=5 kV/cm shows that in the ground-
B58L bh A state the charge of the hole is considerably shifted to the
! ’\" right dot and that a part of the electron charge is also trans-
564 T . ferred to the right dot. In order to present the movement of
b, \ the carriers between the dots in more detail we plotted in Fig.
570 , . , 3 the charge accumulated in the left dot as a function of the
0 5 10 15 20 electric field for different barrier thicknesses. We see that the
F [kviem] dependence of the hole charge on the external field is mo-
notonous. On the other hand the electron initially follows the

FIG. 1. Exciton energy spectrum as a function of external elec- :
tric field F for barrier thicknessb=2 nm (a), b=4 nm (b), b movement of the hole to the right dot. Fbr10 nm the

=7 nm(c). The area of the dots is proportional to the recombinationeIeCtmn charge transferred to the right dot is exactly equal to

probability. The insets ifia) and(b) show zooms of regions marked the hole charge foF Sma”‘?r than 6 kv/cm. Up FO this field
by rectangles. both quantum dots remain neutral and the dipole moment

(see inset to Fig. Bis zero. When both particles become
els for which the carriers are separated by the electric field imompletely localized in different dots the dipole moment
the same way as in the ground state. The lowest excited dareaches(b+w).

energy leve[marked byl in Figs. 1a), 2(a), and Zb)] cor-

responds to a lateral excitation. In the second excited dark

energy level[marked byv in Figs. Xa), 2(a), and Zb)] the B. Nonidentical quantum dots

hole in the right quantum dot is in a state excited in the
vertical direction. Fob=2 nm the first anticrossing in the
low-energy spectrum appears between the brighand the

dark | energy levels aroundF=40 kV/cm at about

-560

-580

Energy [meV]

-600

-620

Energy [meV]
[

Energy [meV]

The confinement potential of vertically stacked dots usu-
ally exhibits asymmetry, which even for identical dots can be
induced by the strain effecfsLet us consider the effect of
—-555 meV. This anticrossing is wide and is due to the eIecEhe asymmetry of the confinement potential on the exciton
tron tunnel coupling of the left and right dotthe hole is spectrum. It was establishethat for stacked strained trun-
entirely localized in the right quantum dot in both states C&t€d pyramids the ground state of the hole is completely
The dark energy level goes below the lower bright energy localized in one of the dots, while the electron
level by via a crossing. A crossing instead of anticrossing is(Noninteracting with the holg still forms bonding and anti-
observed here because in thenergy level the hole is in the bonding states.

other (left) dot. The dark stater with a hole excitation Here, we simulate this type of localization assuming un-
crosses thé, level and goes below thb, level in a very equal depths of the quantum wells for the hole. The effect of
narrow anticrossing. the electric field on the spectrum of asymmetric coupled dots

For weaker tunnel coupling, i.e., fds=4 nm [cf. Fig.  for b=6 nm is presented in Fig.(& for the right dot deeper
1(b)] the two bright energy levels become degenerate alreadgy 3 meV for the hole. Two bright energy levels around
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FIG. 2. (a), (c) contour plots of wave functions at the axis0 of the system an¢b) probability density integrated over the lateral
degrees of freedorf1§dpp|)((p,ze,zh)|2 for different values of the electric field for barrier thickndss2 nm(a), (b) andb=7 nm(c). Lower
plots correspond to lower energies. Shaded area show the quantum wells for the electron and for the hole. Dashed line shows the nodal
surface of the wave function.

-563 and —560 meV are obtained. In the lowappe) of s just shifted by +2.5 kV/cm with respect to the spectrum
energy levels both the carriers are localized in the deepédpor the hole confinement asymmetfgf. Fig. 4@]. In the
(shallowei of the dots. The lowest dark energy level de-lower (uppep of the bright energy levels the electron stays in
creasing linearly in energy witk has the hole localized in the deepefshalloweyj of the dots and the Coulomb interac-
the right dot[cf. Fig. 5@)] so it crosses the higher bright tion binds the hole in the same dftf. Fig. Sb)]. The
energy level with both the carriers in the left dot. The inter-crossing/anticrossing mechanism is the same as for the hole
change of the energy order of this dark state with the lowefonfinement asymmetry. _ _

bright energy level appears via an avoided crossing, since in For_smaller barrier thickness the_ anticrossings of the dark
both these states the hole is localized in the rigeepeydot ~ and bright energy levels become wider and as a consequence
[cf. Fig. 5@)]. For F<0 the hole in the lowest energy dark the region neaF =0 in which the two lowest energy levels

state is localized in the shallower of the dots. For this reaso@re nearly independent & is narrower. The spectra for the

. . . . ~hole asymmetry fob=4.5 and 3 nm are displayed in Figs.
the corresponding energy level anticrosses the higher brig 2 ang &b), r}éspectively. The two parallello e?w/ergy Iev%ls

eneLrgty level and CI’OSSG’[Shﬂ?[etAOV\lleT[t%n?.. hall for th nearF=0 observed for weak tunnel coupling in Fig. 4 are
€t us now suppose that the 1efl dot IS shallower for €y, (see Fig. 6 converted into a crossing at a small negative
electron(by 3 me\) and that the hole confinement is sym-

A i "~ F. This feature results in the cusp of the ground-state energy
metric. Figure 4b) shows the spectrum for this case. Surpris-reported previouskfor a thin (1.8 nm interdot barrier. For

ingly the spectrum for the electron confinement asymmetiyq glectron asymmetry the spectra are still shifted to higher
’ . values of the field by about 2.5 kV/cm with respect to the

o) I s hole asymmetry, like in the weak coupling case of Fig. 4.
5 A The crossing of the bright energy levels still appears- at
- 0-781 / e | < 0. The reason of this similarity is that in the ground state at
% 20 pr— F=0 the dipole moment induced by the electron and hole
£ 05 = o] asymmetry is the same in sign and not very different in size.
< / % sb |,/ % For smallb the electron charge is smeared obethdots. If
©0.251} - NN the right dot is deeper for the electron it bindeger part of

5 O v % its charge. Consequently, trentire charge of the hole is

00 5 10 15 20 25 30 pulled to the right dot. On the other hand, for the hole con-
F [kV/em] finement asymmetry the dot which is deeper for the hole
localizes its charge completely even for smialkince the
FIG. 3. Electron(dotted ling and hole(solid line) charge accu- hole tunnel coupling is negligible. The localization of the
mulated in the left quantum dot as function of the electric field forhole in the right dot results in a larger localization of the
different barrier thicknesses. Inset shows the dipole moment aglectron in the right dot. In this way the asymmetry of the
function of the field. confinement for one particle is translated into an asymmetry
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FIG. 4. Stark effect for the asymmetric system of quantum dots
atb=6 nm. In(a) the electron confinement is symmetric and the left
dot for the hole is shallower by 3 meV. [b) the hole confinement @ 0
is symmetric and the left dot for the electron is shallower by @
3 meV. The insets irfa) and (b) show a schematic drawing of the 18 nm.
vertical confinement foF =0. 7

FIG. 5. (a) Contour plots of the wave functions at the ayis
of the potential felt by the other particle via the Coulomb =0 corresponding to the energy levels shown in Fig).4b) simi-
interaction. Although it is possible experimentally to deter-lar as for Fig. 4b). Higher plots correspond to higher energies.
mine which of the dots is deeper by looking at the electric-
field dependence of the bright energy levels one cannot de- K2 # hZ P
duce from theF dependence of the exciton energy levels Hert = ‘EE B 2_mh5ﬁ +Ve(Ze) + Vi(z)
alone which of the carriers is responsible for the asymmetry.

~ Veri(|ze = i) + ed(2) - eP(z) + 2fiw,  (8)

with Vgx(2) the effective potentid? of one-dimensional in-

C. Frozen lateral degrees of freedom teraction given by
The exact separability of the center of mass used in the Vei(2) = & erfex(|Z)il), (9)
previous calculations was possible because of the assumption A 2ee

of identical lateral confinement energies for the electron and

I = r/ i i -
the hole. When the center of mass is not sepafétie exact \tlivcl>tr? (I); ?:élé?fggti//emﬁ;ar;iIIohrﬁasr(O;)u t:joensé(r)itfgs S:gegfefgsg
calculations become much more complex. However, as lon

as the interest of calculations relies in a qualitative descrip%ppearlng in the growth direction at the expense of a simpli-

tion of the influence of the electric field applied in the growth fied picture of the lateral motion.

directi h | f f the | | p . Figure 4 shows the comparison of the exact reqsitdid
Irection the actual form of the lateral confinement IS NOtnay” ohiained with the separated center-of-mass and ap-

essential. In this case one may try to integrate out the latera);oyimate results calculated for frozen lateral degrees of
degrees of freedor#f:** Such an adiabatic approximation is freedom(dashed linesfor identical quantum dots separated
valid for strong lateral confinement, as in the case of selfyy g parrier of thicknesé=4 nm, as considered above in
assembled quantum dots. Thus we assume that the eleCtrng_ 4(b) The approximate method reproduces the correct
and hole lateral wave functions can be identified with thequalitative shape of the energy lines. Also the recombination
ground-state of the harmonic oscillator. This assumption alprobability dependence on the electric field does not signifi-
lows us to integraf® over the lateral degrees of freedom and cantly differ. However, the approximation of the frozen lat-
arrive at the effective Hamiltonian for the vertical motion eral state eliminates the lateral excitations. The avoided
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540 = -540 —
a 7
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= ] >
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- C
w W 580}

P80 20 0 20 4 AEEEELN &
) ) 0 30 60 90 120
F [kV/cm] F [kV/cm]
-540 - .
FIG. 7. The exact results solid lines and the results with the
frozen degree of freedom for equal hole and electron confinement
. -550 energies(dashed lingsand with equal hole and electron confine-
E ment lengthgdotted ling for the parameters of Fig.(d).
g -560
] system is in the singlet state. The approximation of the fro-
w -570 zen lateral wave functions will be used with the
quasione-dimension&lelectron-electrorg o) and electron-
580 040 20 0 20 20 60 hole interaction potentidEq. (9)]. Electron-electroives po-

F [kV/cm] tential is obtained fom;, replaced bym, in formula(9). The
Hamiltonian for the trion reads
FIG. 6. Stark effect for the asymmetric hole confinement of Fig. w2 [ 2 2 w2 P
4(a) for b=4.5 nm(a) andb=3 nm (b). The area of the dots shows fo—f —_ _(_ + _) -+ Vy(Zey) + Vo)
the recombination probability. ¢ 2m\dz2, iz, 2myizz °
crossings of the bright energy levels with the dark energy + Va(z1) = Vet [Ze1 = 20)) = Ven(|7e2 = 20
levels with lateral excitations are therefore overlooked in the + Ve(|Zep = Zea|) + €P(Ze1) + P(Ze) — eP(2) + 3w,
present approximation[cf. avoided crossing atF (10)
=50 kV/cm missing for lines marked with dashed lihes
The accuracy of the approximate method is better for darkvhere z; and z,, are coordinates of the first and second
states with separated charge carriers than for the bright ef@lectron, respectively.
ergy levels for which the electrons and hole wave function Figure 8a) shows the difference of the trion ground state
overlap®® The discussed approximation can be applied toenergy and the ground state energy of a single electron as
evaluate the qua"tative dependence of the bnght energy |e\)‘unction of the electric field for different values of the barrier
els on the external field when lateral excitations are absenthickness and identical pair of quantum dots of width 6 nm.
In the following section we will use this approach to study The energy difference presented in Fig(a)8 can be
the effect of the external field on the negatively charged trioridentified?? with the energy of the photon released when the
in coupled dots. hole recombines with one of the electroftalculated with
The dotted lines in Fig. 7 show the results of frozen-respect to the GaAs energy gap similarly as for the exgiton
degree-of-freedom calculations performed for the electrofrOr comparison the exciton ground state energy calculated
confinement unchanged but weakened hole confinement fa¥ith the same approximation of the frozen lateral states is
which the lateral confinement radii of the electron and thedlso shown by the dashed lines. In the absence of the electric
hole are equal. For weakened hole confinement the electrofield the recombination line of the negative trion has a lower
hole interaction energy is smaller, which leads to a blueshifenergy than the exciton recombination endigy the inset to
of the energy levels foF =0 with respect to the equal con- Fig. 8@]. We found that the redshift of the trion line is
finement energies casdashed lines in Fig.)7 The interac- smaller for smaller barrier thickness. This behavior as ob-
tion energy of the dissociated electron-hole pair is lesgained by neglecting the lateral correlations is in perfect
strongly affected by the change of the hole localizationqualitative agreement with extensive variational calculations
strengths. Figure 7 shows that the electric-field dependenciccounting for both vertical and lateral correlations in a
on the electric field is essentially not altered by the strengttiearly exact way? Inset to Fig. 8a) shows that for highF
of the hole localization, which justifies posteriorithe as- the energy difference of the trion and exiton energy lines is

sumption of the adopted center-of-mass separability. an increasing function ab. This is due to the fact that the
interaction energy between the electrons confined in the
IV. STARK EFFECT FOR NEGATIVE TRION same dot is larger than the Coulomb interaction between the

hole and electron separated by the barrier.
We consider the effect of the electric field on the ground For larger barrier thicknegsf. plots forb=6 and 8 nm in
state of a negatively charged trion in which the electron subFig. 8a)] the recombination line of the trion is independent
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electron initially followed the hole for weak electric fields.

FIG. 8. (a) Difference of the ground-state trion energy and the The trion becomes dissociated around 13 kV/cm, when the
electron ground statérion recombination energy with respect to field moves the hole from the left to the right dot. The reac-
GaAs energy gap—solid linand the exciton ground-state energy tion of the carriers on the electric field is the most complex
(exciton recombination energy—dashed linebhe curves are la-  for b=6 nm[cf. Fig. 8b)]. We have illustrated this in Fig. 9
beled by the barrier thickneds in nanometers. Inset shows the py additional plots of the probability densities integrated
difference of the exciton and trion energy linés). Electron(dotted  gver the vertical coordinate of one the three particles. For
lines) and hole(solid lineg charge on the left side of the origin as zero electric field there is a nonzero probability of finding the
function of the electric field. Inset shows the dipole moment. electrons in different dot&f. the left plot forF=0 in Fig. 9,

L and the probability of finding an electron in a different quan-
of the electric field forF lower than about 13 kV/cm. The tum dot than the holéct. the right plot forF=0 in Fig. 9 is

flat part of the plots corresponds to both the electrons and thﬁ]uch smaller. Fob>8 nm all the three particles are found
hole staying in the same quantum das discussed above for i, e same dot. The leakage of particles to the other dot seen
exciton). We can see that the ground state of the trion is morg, Fig 9 s a result of the electron tunnel coupling which is
resistant to the dissociation by the electric field than thealready nonzero fob=6 nm. In contrast to the case of

exciton ground state. The exciton energy decreases fastelg nm, forb=6 nm a part of the electron charge stays in the
than the trion recombination line, which results in the reveright dot when the field is switched daf. the left plot for

sal of the order of the lines &=14 kV/cm forb=4 nmand F=6 kV/cm in Fig. 9. When the hole is transferred to the
F=10 kV/cm forb=6 and 8 nm. For large values &ffor  right dot(cf. the plots forF=13 kV/cm, part of the electron
which the hole and the electron charges in both the excitorharge follows it, which results in a local minimum of the
and the trion ground states are completely separated, theectron charge accumulated in the left dot féraround
trion and exciton energy lines for eabtrun parallel to each 13 kV/cm|[cf. Fig. 8b) for b=6 nm|. For largerF the par-
other. ticles become separated. For stronger tunnel coupling be-

To explain the large stability of the trion ground state intween the dots, i.e., fds=5 and 4 nm the hole charge accu-
the symmetric coupled dots against dissociation by the eleanulated in the left dot depends on the external field
tric field we plotted in Fig. &) the hole and the electron monotonically [cf. Fig. 8b)], and a part of the electron
charge accumulated in the left dot as a function of the eleceharge attempts to follow the hole when it leaves the left dot.
tric field for different barrier thicknesses. For larpethe  Therefore, for smalb the mechanism of the trion resistance
distribution of the electron and the hole charges between th& dissociation becomes similar to the one observed for the
dots before the dissociation of the trion is qualitatively dif- exciton (cf. Fig. 3. The present results show that for sym-
ferent than in the exciton cagef. Fig. 3. ForF=0 the hole  metric quantum dots the trion becomes dissociated into a pair
(electron) charge in the right dot is 0.6l) due to the sym- of electrons in one dot and the hole in the other without the
metry of the system. For large barrier thicknébs8 nm) intermediate step consisting of an exciton confined in the
the electrons become localized in the left dot already underight dot and an electron in the left dot. This mechanism is
the influence of a weak electric field. The hole initially fol- more clearly pronounced for larger The Coulomb interac-
lows the electrons into the left datf. the local maximum of  tion of the electrons with the hole stabilizing the complex
the solid line forb=8 nm). We remind the reader that for the against field-induced dissociation without the intermediate
exciton an opposite behavior was observefl Fig. 3: the  step is two times larger than for exciton.
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other hand the negative electric field removes abruptly the
hole to the thinnest dot &< -25 kV/cm. For thicker inter-
dot barrier the trion recombination energy develops a local
maximum for positive electric fieldssee the plots fob=6,
8, and 10 nm in Fig. 1®]. Let us analyze the origin of
these maxima for the case lb£10 nm. For positive electric
field up to 50 kV/cm both the electrons are confined in the
right dot [cf. Fig. 1Qb)]. Then betweer-=50 kV/cm and
F=55 kV/cm one of the electrons is transferred to the right
dot. In this electric field range the trion is dissociated into an
exciton confined in the right dot and a spectator electron in
the left quantum dot. The final state after the trion recombi-
nation, i.e., the ground state of a single electron, is localized
in the left quantum dot foF >50 kV/cm, i.e., for the same
value of the electric field which induces the transition of the
first electron from the trion state to the left quantum ¥ot.
After the trion dissociation the recombination energy almost
reaches the recombination energy of the excltcfin dotted
line in Fig. 10a)]. The slight redshift of the dissociated trion
ol line with respect to the exciton in this electric field range is
240 20 0 20 40 60 80 due to the Coulomb perturbation of the exciton remaining in
F [kV/em] the right quantum dot by the spectator electron in the left
guantum dot. The second electron is removed from the right
FIG. 10. (a) The trion recombination energies as functions of the ot petween 60 and 65 kV/cm.
electric field(solid lineg for a pair of coupled quantum dots. The Note, that the observed mechanism of dissociation of the
curves are labeled by the barrier thickness in nanometers. Right d?ﬁon into an exciton and an electron does not occur in the
has a width of 6 nm and the vyidth of the left dot is 4 nm. Dotted system of symmetric quantum dotsf. Fig. 8. For asym-
line shows the exciton recombination energymm nm. (b) The metric quantum dots the stronger confinement energy in the
electron(solid lineg and the hole(dashed linescharge accumu- hi f the dots prevents the second electron from enter-
lated in the right dot fob=4 and 10 nm t inner o prev . .
ing it simultaneously with the first one. In the asymmetric
Note that for the trioricf. Fig. 8b)] the barrier thickness system the exciton becomes dissociated into an electron and
has the opposite effect on the sensitivity of the electrons and hole forlarger electric fields than the one inducing disso-
the hole to the electric-field induced localization. For smallerciation of the trion into an exciton and a free electief
b the electric field is less effective in localizing the electronsFig. 1Qb)]. On the other hand the exciton created in the right
in the left dot but more effective in localizing the hole in quantum dot after the trion dissociation is more resistant to
the right dot. The effect for the electrons is obviously due tothe electric field induced dissociation than the exciton. The
the strong electron tunnel coupling. For smalkea smaller  electron remaining in the right dot is less willing to pass to
F localizes the hole in the right dot because the energy of it¢he left quantum dot if it is already occupied by an electron.
interaction with electrons changes less drastically after the The recombination energy lines of the trion in the asym-
dissociation and the hole tunnel coupling is negligible. metric system of coupled dots present a positive second
The inset to Fig. &) shows the electric dipole moment derivative with respect to the electric field for a certain range
for the trion as a function of the electric field. For high  of F. Namely, forb=6 nm the second derivative is posi-
when the particles are separated into different dots the dipoltve for the electric field rangE (61,71, F € (57,60, and
moment takes the valuee@v+b)/2 36 Note, that for a thick F e (50,52 kV/cm for b=6, 8, and 10 nm, respectively.
barrier the dipole moment develops a plateau for the region For symmetric dots the mechanism behind the trion dis-
of fields in which the hole accompanies the electrons to theociation into an electron pair confined in one dot and the
right dot. For a thick barrier the recombination enefgfi  hole in the other, without an intermediate step consisting of
inset of Fig. 8a)] starts to change only when the secondan exciton in one dot, and the electron occupying the other
plateau of the dipole moment is reached. guantum dot, is easily explained when considering ldrge
We found a qualitatively different dissociation mechanismusing a simple reasoning in which the tunnel effect and the
of the trion in an asymmetric system of coupled dots. Supinterdot Coulomb interactions are neglected. In this model
pose that the right quantum dot has a thickness of 6asn the dependence of the energy of the trion on the external
anywhere else in the present pgpand that the left dot has field can be written agy-=-2E,+Eq—Fbe/2, whereEg,
a thickness of only 4 nm. Figure (@ shows the trion re- (E.J is the absolute value of the electron-hole interaction for
combination energies for different barrier thicknesses. Thehe particles localized in the same dot. The trion is localized
charge accumulated in the rigéwider) dot is plotted in Fig. in the dot in which the electron localization is favored by the
10(b). For F=0 the three carriers stay in the right dot. For field. The lowest energy level corresponding to the exciton
strongly coupled dotéb=4 nm) the electrons resist strongly confined in one dot and the electron in the otherEig
to being removed to the thinnest dot. F6+90 kV/cm less =-E,,—Fbe/2, and the energy level corresponding to a
than one elementary charge is localized in the left dot. On theompletely dissociated system iEy=E..—3Fbe/2. For
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Eon<Ege the trion is bound aF=0 and at nonzero field the which the effect of the intrinsic dipole moment is negligible.
ground state energy equals eitligr or Ey. The energy split- For comparison in the experiment the intrinsic dipole mo-
ting of Ex- andEy is not affected by the field which explains ment leads to a shift of the transition energy by about 5 meV
the absence of an exciton as an intermediate step of triofr F=100 kV/cm?* Therefore, the intrinsic dipole moment
ionization. A similar simple reasoning can be used forshould not modify the qualitative features of the effect pre-

coupled asymmetric dots where the intermediate step of trioflicted in the present paper. The second order effect of the
dissociation is now found. polarizability related to the electric-field induced deforma-

tion of the electron and hole wave function for the discussed
low electric field range should be even smaller. Similar
V. DISCUSSION mechanism of the exciton dissociation via an avoided cross-
) ) ) _ . ing has been found for asymmetric d¢td. Figs. 5a) and
As mentioned in the introduction previous ground-stateg(p)]. The difference between the ideally symmetric system
calculationé® for the Stark effect in vertically coupled dots and the more realistic asymmetric one is that the bright state
detected a deviation of the energy dependence on the electfjghich does not participate in the avoided crossing is shifted
field from the expected quadratic form obtained within theto a different energy, lower or higher depending on the di-
second order perturbation thedryThe inset to Fig. (8  rection of the electric field. The mechanism of the exciton
shows that for identical quantum dots this deviation, i.e., alissociation via an avoided crossing of a dark and a bright
cusp of the recombination energy in function of the electricenergy level described here has been recently confirmed
field, is due to a narrow avoided crossing of two lowestexperimentally® after the present paper has been submitted.
energy levels. In the absence of the electric field these two Second-order perturbation theory for a single nondegen-
energy levels are nearly degenerate. This near degeneragyate energy levélpredicts a nonpositive curvature of the
results from the smallness of the hole tunnel coupling beenergy level as a function of the electric field. Although the
tween the dots. For the case presented in FHig). these two ~ curvature is mdee;d nonpositive in the gr_ound state, a positive
Fig. 2(a) for F=0]. The electric field easily mixes the two the presence of the avoided crossings with lower energy lev-
energy levels localizing the hole in the right den the  ©€IS[See Figs. &)-4(c), 9, and 10. A nondegenerate pertur-

ground stateand in the left quantum ddin the first excited ~ 2ation theory for a single levbbviously does not apply for

. L : ..the the energy level interaction.
statg. When the confinement potential is asymmetric the dis In view of the present results the pronounced drop of the

cussed anticrossing of the two lowest energy levels are re- L . .
. . oo recombination energy for a bias voltage for which an elec-
placed by a crossingcf. Fig. 6). This is due to a nearly

o . . tron is trapped in the quantum dotloser to the electron
pomplete localization of the hole in left or right quantum dot reservoir can be understood provided that the recombination
in the two states. The cusp of the ground-state is produced

. . ! ignal in the observed range of wavelengths comes from this
two energy levels crossing or nearly crossing. Itis thereforgjo; Otherwise, the charge of the electron trapped in the dot

clear that second order perturbation theory for a simgle-  ¢joser to the reservoir would have a negligible influence on
degenerateenergy level givefifor a single quantum dot is  the energy of exciton recombination in the other dot sepa-
not applicable to the ground state in coupled quantum dotsated by a barrier of 12 nrfcf. the small energy spacing
There is therefore no reason for which the ground stat®etween the exciton recombination lines with and without a
should follow the quadratic formula and the deviation fromspectator electron in the other dot fw=10 nm in Fig.
parabolicity does not really deserve to be called an anomalyl0(a)]. The drop would result from the electrostatics of the
In the present paper we have found another deviatiomegative trion in which the energy of the electron-hole attrac-
from the common quadratic Stark shift, also involving two tion is larger than the electron-electron repulsion due to a
energy levels. This deviation appears for an intermediate bagifference of the strength of lateral localization of the carri-
rier thickness and is due to an avoided crossings of a brighgrs (see the discussion given in Ref.)22ZIhe observed
energy level with both carriers in the same dot and a darigrowth of the recombination energy for the smaller absolute
energy with separated charge carriers. This unusual Stanalue of the bias voltage could be related to a passage of one
effect, shown in Fig. @) for a symmetric dot, should be of the electrons to the upper dot. The presented calculations
visible in low-excitation PL spectroscopyThe observation for the trion were limited to the ground state. However, the
of the excited exciton states should be facilitated by a relaPL line observed in the experiment which we here attribute
tively weak tunnel coupling between the quantum dots. Into the trion recombination in thiswer of the dots does not
the corresponding PL spectrum, one of the lines should beorrespond to the ground state since the quantum dot in the
independent of the electric field in both energy and intensityupper layer ardarger. Therefore, in the experiment the dis-
The additional structure below and above the constantsociation of the trion localized in the lower dot could be
energy line should be observed in the form of an anticrossassociated with an avoided crossings with lower energy
ing. The intensity of the constant-energy line should be restates, which as obtained for the exciton, can produce a posi-
duced in the region, in which the anticrossing appears.  tive curvature of the recombination line over a wide range of
Real InAs/GaAs quantum dots exhibit a strain-inducedelectric field values.
intrinsic dipole moment aF=0.2* The intrinsic dipole mo-
ment has been neglected in the present calculations. How-
ever, the unusual Stark shift for the coupled dots is predicted We have studied the exciton and negative trion states in a
for quite small electric fieldglower than 15 kV/cm for  simple but exactly solvable model of vertically coupled

VI. SUMMARY AND CONCLUSIONS
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quantum dots allowing for a description of the effects relatedhan the exciton. The process of trion dissociation into an
to the modification of the electron-hole interaction by anexciton and a free electron that we obtain for the case of
electric field applied in the growth direction. The effect of asymmetric coupling leads to a positive curvature of the PL
the tunnel coupling between the dots and the confinemenine as a function of the electric field which has never been
potential asymmetry was considered. The mechanism of thebserved for the exciton ground state.

electric-field induced exciton and trion dissociation was de-

scribed.

We have shown that the previousf/found deviations ACKNOWLEDGMENTS
from the quadratic Stark effect are due to energy levels . . o _
crossings(or very narrow avoided crossingsFor weaker This paper was supported by the Polish Ministry of Sci-

tunnel coupling we have found another nonquadratic featurentific Research and Information Technology in the frame-
due to an avoided crossing of bright and dark energy levelawvork of the solicited Grant No. PBZ-MIN-008/P03/2003, the
This feature appears also in the presence of the asymmetry Bfemish Science FoundatiggWO-VI), the Belgian Science
the coupled dots and is due to the Coulomb interaction. PosPolicy, the University of AntwerpefiVlS and GOA and the
tive curvature of the bright excited exciton energy levels isEuropean Commission GROWTH programme NANOMAT
obtained in the range of electric fields corresponding tgproject, Contract No. G5RD-CT-2001-00545, and the EU-
avoided crossings with lower levels. NoE SANDIE. T.C. is partly supported by the Marie Curie
Although in the presence of asymmetry of the coupledTraining Site Programme of the European Union. B.S. is
dots the trion is dissociated into an exciton and an electrosupported by the Foundation for Polish ScieE&IP) and
by the electric field, for symmetric dots the dissociationby the EC Marie Curie IEF Project No. MEIF-CT-2004-
mechanism is different, i.e., the trion is directly separatedb00157. We are thankful for Dr. Ruth Oulton for helpful
into an electron pair in one dot and the hole in the other. Thaliscussions and for making the experimental data accessible
trion is more stable against this mechanism of dissociatiomprior to publication.

1G. S. Solomon, J. A. Trezza, A. F. Marshall, and J. S. Harris, 085305(2001).

Phys. Rev. Lett.76, 952(1995. 19F, Guffarth, R. Heitz, A. Schliwa, O. Stier, M. Geller, C. M. A.

2S. Fafard, M. Spanner, J. P. McCaffrey, and Z. Wasilewski, Appl. Kapteyn, R. Sellin, and D. Bimberg, Phys. Rev.@, 235304
Phys. Lett. 76, 2707 (2000. (2003.

3M. Bayer, P. Hawrylak, K. Hinzer, S. Fafard, M. Korkusinski, Z. 2°B. Urbaszek, R. J. Warburton, K. Karrai, B. D. Gerardot, P. M.
Wasilewski, O. Stern, and A. Forchel, Scien2@1, 451(2001). Petroff, and J. M. Garcia, Phys. Rev. Le®0, 247403(2003.

4B. Szafran, S. Bednarek, and J. Adamowski, Phys. Rew4B  21B. Stébé and A. Ainane, Superlattices Microstrust545(1989;
125301(2001). C. Riva, F. M. Peeters, and K. Varga, Phys. Rev6B 13873

5R. Oulton, A. |. Tartakovskii, A. Ebbens, J. J. Finley, D. J. Mow- (2000.
bray, M. S. Skolnick, and M. Hopkinson, cond-mat/040707222B. Szafran, B. Stébé, J. Adamowski, and S. Bednarek, Phys. Rev.

(unpublished B 66, 165331(2002.
6J. H. Ser, Y. H. Lee, J. W. Kim, and J. E. Oh, Jpn. J. Appl. Phys.23E. Anisimovas and F. M. Peeters, Phys. Rev.6B, 115310
Part 1 39, 518(2000. (2003.

’W. Sheng and J.-P. Leburton, Phys. Rev. L88, 167401(2002. 24p W, Fry, I. E. Itskevich, D. J. Mowbray, M. S. Skolnick, J. J.
8K. L. Janssens, B. Partoens, and F. M. Peeters, Phys. R68, B Finley, J. A. Barker, E. P. O'Reilly, L. R. Wilson, I. A. Larkin,

233301(2002. P. A. Maksym, M. Hopkinson, M. Al-Khafaji, J. P. R. David, A.
9J. A. Barker and E. P. O'Reilly, Phys. Rev. &L, 13 840(2000. G. Cullis, G. Hill, and J. C. Clark, Phys. Rev. Let4, 733
10M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev.58, (2000.

11 969(1995. 25F, Troiani, U. Hohenester, and E. Molinari, Phys. Rev.6B,
M. A. Cusack, P. R. Briddon, and M. Jaros, Phys. Rev58 161301R) (2002.

R2300(1996. 26y. Halonen, T. Chakraborty, and P. Pietilainen, Phys. Rev®
12¢C. Pryor, Phys. Rev. B57, 7190(1998; 60, 2869(1999. 5980(1992.

130. stier, M. Grundmann, and D. Bimberg, Phys. Re\6® 5688  27K. T. Davies, H. Flocard, S. Kreger, and M. S. Weiss, Nucl. Phys.

(1999. A 342 112(1980.
14L. Landin, M. E. Pistol, C. Pryor, M. Persson, L. Samuelson, and?®F. M. Peeters and J. E. Golub, Phys. Rev4B 5159(1991).

M. Miller, Phys. Rev. B60, 16 640(1999. 29A. Wjs, P. Hawrylak, S. Fafard, and L. Jacak, Phys. Re6&
15R. Heitz, O. Stier, I. Mukhametzhanov, A. Madhukar, and D. 5604 (1996.

Bimberg, Phys. Rev. B52, 11 017(2000. 30B. Szafran, B. Stébé, J. Adamowski, and S. Bednarej, J. Phys.:
16A. J. williamson and A. Zunger, Phys. Rev. &1, 1978(2000. Condens. Matterl2, 2453(2000.

17W. Sheng and J.-P. Leburton, Phys. Rev6® 161301R) (2007). 813, Glasberg, G. Finkelstein, H. Shtrikman, and I. Bar-Joseph,
18, Guffarth, R. Heitz, A. Schliwa, O. Stier, N. N. Ledentsov, A.  Phys. Rev. B59, R10 425(1999.
R. Kovsh, V. M. Ustinov, and D. Bimberg, Phys. Rev. @,  32A. V. Filinov, C. Riva, F. M. Peeters, Yu. E. Lozovik, and M.

205316-11



SZAFRAN et al. PHYSICAL REVIEW B 71, 205316(2005

Bonitz, Phys. Rev. B70, 035323(2004). 37If the ground state of a single electron was localized in the left dot
33B. Stébé and A. Moradi, Phys. Rev. &L, 2888(2000. for higher value of the electric field, the recombination energy,
34A. Esser, R. Zimmermann, and E. Runge, Phys. Status Solidi B calculated as the difference of the ground state of the trion and

227, 317 (200)). electron, would have a doubtful physical interpretation since it
35S. Bednarek, B. Szafran, T. Chwiej, and J. Adamowski, Phys. would additionally assume that the recombination of the

Rev. B 68, 045328(2003. electron-hole pair is accompanied by the passage of the electron

36For the trion, unlike for the exciton, the value of the dipole mo-  from the right to the left dot.
ment depends on the choice of the origin. The values displaye@H. J. Krenner, M. Sabathil, E. C. Clark, A. F. Kress, D. Schuh, M.
in the inset of Fig. &) are calculated for the origin set in the Bichler, G. Abstreiter, and J. J. Finley, Phys. Rev. L&,
middle of the barrier. 057402(2005.

205316-12



