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Excitonic trions in single and double quantum dots
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Excitonic trions in quantum dots with Gaussian confinement potential are studied by the variational method.
We show that the photoluminescence line associated with the negative trion is always shifted towards lower
energies with respect to the exciton line, and that this shift is larger for smaller dots. The qualitative behavior
of the photoluminescence line of the positive trion is the same only in dots which resemble quantum wells or
guantum wires. In other dots the size dependence of the positive-trion shift is more complex. In particular, we
show that the order of the positive-trion line and the exciton line can be changed. The present approach has
been generalized to the trion states in vertically coupled dots. We discuss the trion energy-level splitting
induced by the coupling between the dots, as well as the relation between the photoluminescence-line shift with
the binding energy of the trion in the double quantum dots.
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I. INTRODUCTION QD’s. The present paper extends the previous ok the
problem of charged excitons.

The excitonic trions are charged exciton complexes com- The exciton PL peak, as well as peaks corresponding to
posed of either two holes and one electi@ositive trion ~ €xciton complexes are blueshiftede., shifted towards
X5) or two electrons and one hol@egative trionX~).  higher energigsby the confinement in quantum wells, wires,
These complexes have been a subject of an extensiv@nd dots?” Here, we present a theoretical study of the exci-
theoretical™'” and experimental stud§-2*In bulk semicon- tonic trions confined in single and double QD's. In particular,
ductors the excitonic trions are stable against dissociatiowe are interested in the confinement-induced shift of the ex-
into an exciton and a free carrier. However, their bindingcitonic trion PL line with respect to the exciton line. This
energies in bulk materials are very small. The confinement o$hift is a basic quantity of experimental interest for the exci-
the trions in two-dimensional quantum wells increases thestoNic trions. The excitonic trion PL line is shifted with re-
binding energies by an order of magnittid@he enhance- SPect to the exciton PL line by
ment of the trion binding energy in quantum wells allows for

experimental observatidh of this complex. The excitonic SX;=hux—hvx2+:Ex+ Eh—Ex2+ (h)
trions confined in quantum dot&QD’s) are observed in
charge-tunable nanostructurés? for the positive trion and by

The first observations of QD-confined charged excitons
were performed on ensembles of QBsThe results of these
experiments were perturbed by the inhomogenous broaden-
ing caused by the variation of the sizes of the dots. Recently, . ) ) )
measurements of the photoluminesceri&) spectra of forthe negative trion. 18>0, the energy o_f the trion PL line
charged excitons from a single self-assembled QD wer& smaller than th_e energy Of the exc!ton Ime.Then, we speak
reportec?® This technique, which allows for selection of a abo_ut th_e redshift of the trion PL "T‘e with respect to the
single dot as a signal source, may be used in order to detefXCiton line. If the energy difference is negative<(0), the
mine the dependence of the trion PL lines on the size anH',On line is blueshifted with rgspect to the exciton line. We
geometry of the dots. A theoretical study of this dependenc/ill shortly refer to energy difference€l) and (2) as the
will be useful in the interpretation of the experimental data.POSitive-trion energy shify: and the negative-trion energy
The aim of the present paper is to furnish this study. Theshift Sy-. In bulk materials, quantum wells and quantum
present work is also motivated by the measurements of theires, energy shiftg1) and (2) can be identified with the
exciton spectra in coupled self-assembled @®'sThe  binding energy of the trions. However, it is not the case for
present results for the splitting of the trion-energy levels in-QD’s' (cf. a discussion of the binding energy Bf center
duced by the coupling between the dots should be useful fan the Q7).
identification of the trion-related lines in the PL spectra of This paper is organized as follows. In Sec. Il we present
coupled dots. The present paper is a continuation of our pre¢he model of the single QD, introduce the variational wave
vious research on neutfiland charget? excitons. In Ref.  functions for the exciton and excitonic trions, and discuss the
15 we studied the exciton trions in spherical quantum doténfluence of the shape and geometry of the QD on the trion
with square-well confinement potential. Here, we generalizé’L line shifts. In Sec. Il we generalize the approach of Sec.
this study to more realistic cylindrical symmetry. In Ref. 26 1 to the trions in double QD’s. Section IV contains conclu-
we studied the neutral-exciton spectra in vertically coupledsions and the summary.

Sx—:th_th—:Ex"F Ee_ Ex— (2)
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II. EXCITONIC TRIONS IN A SINGLE QUANTUM DOT TABLE |. Ground-state energiy (in meV) of the exciton con-

fined in the single QD calculated with wave functi®) with M,

=2, Ne=4, andN,=2 quoted for several numbers of exponents
In the present paper we adopt the Gaussian model of théescribing the relative electron-hole positionxity planeM.j, and

confinement potentigf which was successfully appli€to  in z direction Ne,. The parameters of the QD ad&,=0.67, R

a quantitative interpretation of the exciton spe%f’trein =24.9 nm, andZ=0.92 nm. The total number of basis elements

In,Ga, _,As self-assembled QD’s. The confinement potential(N=MeXNeXNpXMenxNep) is listed in the third column.

in In,Ga, _,As QD’s embedded in the GaAs matrix can be

A. Confinement potential and variational wave functions

derived from spatial distribution of indium concentration Men Nen N Ex
within the QD's®® We assume that this distribution can be ; 1 16 26147
described by a cylindrically symmetric Gaussian functfon 2 1 32 —262.19
2 2 64 —262.20
X(p,Z;R,Z)=Xq exp( — p?IR?—7?/Z7?), @ 3 2 98 —262.23
3 3 144 —262.25
wherep?=x2+y?, Ris the radius of the QDZ is half of its
height, andX, is the concentration of indium at the center of
the QD. In accordance with E(B), we take the confinement o 72 2 %2 V2 Ly Ry
potential for electrons XT T ome'e 2my N Amegeron e(pe.Ze;R,Z)
Ve(p,z;R,Z)=—0.7AE4X(p,z;R,Z) (4) +Vh(pn,zn;R,Z), (7)
wherer¢,=|r.—ry|. The ground-state energy of the exciton
and for holes confined in the QD can be determined with the following
variational wave function
Vi(p,Z;R,Z)=—0.3AEyX(p,Z;R,Z), ) Me Ne Np Men Nep

qu(l)(revrh):iz 2 E 21 Ciejejhiehjeh

whereAE, is the energy-gap difference between GaAs and e=Llie=1in=1ien=1 jep=

InAs. We assume that the band offset ratio is 70/30.

_ e 2 e 2 h2 ph2
Throughout the paper, we take the conduction-band mini- X exp(—aj pe= Bj Ze— a'ppn= B Zh
mum of the barrier material as the reference energy level for eh 2 peh2 8
the electrons and the barrier valence-band maximum as the ~ i Pen Bj, Zen), (8)

reference energy level for the holes. The calculations hav?vhere 2 (Xe— X0) 24+ (Yo V)2 Zer=Za—2n, " and

been performed foAE,=1.11 eV*®and the material param- " - Pen=Xe™Xn)"T Ye™¥hn)" Zen=Ze™2n, i,

eters of GaAs, i.e., the static dielectric constamt12.5, the Bj,, are the variational parameters, which describe the rela-

band mass of the electran,=0.0667, and the band mass of tive position of the electron and the holery plane andz

the holem,=0.5. direction, respectively. The other variational parameters in
In order to determine the trion-energy shifts we need toEq. (8) play the same role as in wave functi). The con-

know the trion ground-state energy, as well as the groundvergence of variational basi{8) with respect to the number

state energies of the exciton, electron, and hole confined iof the Gaussians applied was verified for the vaities

the QD. For this purpose we use the confinement potentialsarameters corresponding to Gy, _,As self-assembled

(4) and(5) and assume the effective-mass approximation folQD’s ?°i.e., X,=0.67,R=24.9 nm,Z=0.92 nm. The varia-

electrons and holes. The ground-state energy of a single eletional estimates of the exciton ground-state energy obtained

tron and a single hole confined in a QD with radiRsand  with various numbers of terms in E(B) are listed in Table .

height ZZ is determined by the variational method with a We note, that the convergence of these estimates is very fast.

Gaussian trial-wave-function The results are not significantly improved if one introduces a
secondB®" exponent or a thirdr®" parameter. The electron
Neh) Me(h) and hole wave functions are stiffened zrdirection due to
beny(Teqhy ;R.Z) = Izl 121 cij expl — af(h)pZ_B;?(h)ZZ), the strong confinement and react only weakly to the mutual

Coulomb interaction. The change of the one-particle wave

(6)  functions under the influence of the interaction is more pro-

nounced inx-y plane, where the confinement is weaker. In

where c;; are the linear variational parametersﬁ(h) and  this paper we consider not only the QD’s in form of flat
B%M are the nonlinear variational parameters, which dedisks, but also QD’s of different shape and size. Therefore,

scribe the localization of the particles radial and vertical di-we have takeM .,=N.,= 3 in the following calculations.

rections, respectively. In this paper, we takl,=1, N, The results of Table | show, that variational wave function
=2, M.=2, andN.=4, which ensures that the one-particle (8) is an effective tool in the calculations for the confined
energies are determined with a precision of 0.1 meV. exciton ground state. However, this wave function is not suit-
The Hamiltonian of the exciton confined in the QD hasable for a direct generalization to the problem of trions, since
the form the number of basis elements grows very fast with the num-
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TABLE Il. Ground-state energfy (in meV) of the exciton  basis elements is much smaller and less memory consuming,
confined in the single QD calculated with trial functié®). The  so, it can be easily generalized to the problem of excitonic
parameters of the QD are the same as in Table I. In the first tw@rions.
columns, the number of elements taken in s{@nis listed. In the The Hamiltonian for the negatively charged trign con-
third column, the energ§; calculated with the fixed variational fined in a QD has the form
parameterfRypy =R andZg,=Z is quoted. The number of basis

elements is equal tM¢,X Ne,. The results in the fourth column 52 52 52
are obtained with optimized paramet®s;,, andZ. . Hy-=— \vZ R v S v}

p p &h) e(h) X 2m. 1 2m, ' 2 2m, h
Ivleh Neh E),< EX 1 1 1 1

—— |+ ;

1 1 —-261.17 —-261.34 * Ameoe | Tin Ton T2 Ve(riiR,2)
1 2 —261.17 —261.36 _ _
2 1 ~261.93 ~262.19 FVe(r2iR,Z)+Vi(rn:R,2), (19
3 1 —262.03 —262.22

wherer; andr, are the position vectors of the electrong,
determines the position of the hole,=|r;—r,|, rin=|r;

ber of particles. Therefore, we have elaborated another ap_—,rh|’ andron=|ro—ry|. The Hamiltonian for the positive

proach to the problem of the QD-confined trions, which welron X5 can be obtained from Eq10) by interchanging the
will first demonstrate on the example of the confinedndicese«h and ascribing the indices 1 and 2 to the holes.

electron-hole pair. The dependence of the wave function on N the negativepositive) trion ground state, the electron

the relative interparticle positions will be referred to as the(N0l®) subsystem is a spin singlet. This means that the
“correlation between the particles.” In wave functiq), ~ dround-state spatial wave function of the negatpesitive

this correlation is directly described by the exponents withfion is symmetric with respect to the interchange of the po-
«°" and g°". However, even if the parametes$" and ge" sition vectors of the electrongoles. Therefore, we apply

are set equal to zero, wave functi@® cannot be separated the following trial wave function for the negative trion
into a product of one-particle functions. Therefore, even

without ®" and 8" exponents, a part of correlation is indi- Wy-(re,rz2.r)
rectly included in wave functiof8). Now, we introduce an- — b1+ R. 7 rR. 7 roRe 7
other trial wave function for the QD-confined exciton, which Pell1iRe:Ze) belr2iRe 1 Ze) $n(IniRn,Z1)
takes into account the correlation between the particles in the
direct way only, X 2 2 Ciiinida( 17 P12
112112 Ja)2l12
WE(re rh) = de(eiRe.Ze) dnlrhiRn Zn) X expl — afp— atfpd,— afpl,
Meh Neh
h h X exp(— BeMz2, — Behz2, — Beez2.). 11
Xi21 j21 Ciehjehexq_aieehpgh_ﬂjeehzih)' o Bll 1h :812 2h :8112 12 (13)
eh™ eh™

) The presence of the sum in wave functidd) introduces the
correlation for the three particles. In E@Ll), the summa-
Trial wave function(9) is applied to the exciton confined in tions start from 1 and run tMj, over indiced , andi,y,, to
the QD with radiusR and height Z. It is composed of the N, overj;, andj,,, and toM,, andN;, overi;, andj .
ground-state wave functions of the electrah.) confined in P, is the operator which exchanges the coordinates of the
potential (4) with effective parameter®, and Z, and the two electrons. The factor (£ P,) ensures, that the electron
hole (¢y) confined in potential5) with effective parameters subsystem is in the symmetric spatial state and enables us to
Ry andZy,. The double sum in Eq9) describes the electron- reduce the number of the basis elements. Namely all the
hole correlation. The parameteRs,, Z,, R,,, andZ, are  basis elements, for which,=j, andi,>i, are omitted in
treated as variational parameters. In this way, the one-particlhe summatiori1l). R., Z., Ry, andZ,, are treated as varia-
wave functionsp, and ¢y, are allowed to change their spatial tional parameters like in wave functiq®) for the exciton.
extension under influence of the Coulomb interaction befor the positive trion we apply an analogous trial wave func-
tween the particles. tion. Similarly as in the case of the exciton confined in the
The results obtained with wave functid8) are listed in  flat QD, a single Gaussian is sufficient for the description of
Table Il, which shows that the energy estimates obtainedhe correlations irz direction. The convergence of the varia-
with the values of the variational parameteéRg), Zen) tional results with the increasing number of Gaussians de-
fixed at the physical values of the QD siR =R and  scribing the in-plane correlation is displayed in Table IlI. In
Zny=Z converge to a value, which is larger by 0.2 meV the following section we discuss the influence of the size and
than the energy obtained with bas® (cf. Table ). How-  shape of the dot on the relative shifts of trion PL peaks. This
ever, if we perform the optimization with respectRg,) and  discussion goes beyond the flat QD geometry, so the corre-
Zeny, We obtain results equivalent to those obtained withlation in z direction should be described with the same pre-
wave function(8). Although wave function(9) does not re- cision as the in-plane correlation. The results presented in the
quire less numerical effort than functi@B), the number of following section have been obtained with 90-element basis
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TABLE Ill. Ground-state energ¥x- (in meV) of the negative 8
excitonic trion calculated with trial wave functiofil). The first
column shows the number of Gaussians taken for the description of
the electron-hole correlation iy plane. The number of Gaussians
describing the electron-electron in-plane correlation is listed in the
second column. In these calculations, a single Gaussian describing S
the correlation ire direction was applied. The third column shows = X-
the total number of basis elements. The parameters of the QD are @
the same as in Table I. E SXE

w

Men M, N Ex /7

1 —396.45 !
3 —397.91 !
6 —398.48 4
9 —398.59 !

12 —398.70 I I l
40 ~398.71 0 50 100 150 200

R=Z [nm]

A WNDNDNPR
AW WNPRF P

generated b op=Ng=2 andM;,=N;,=3. We estimate FIG. 1. Energy shiftsS of the trion PL line with respect to the

that the trion ground-state energies are determined with prée_xciton PL line calculated for the spherical QD as a function of
cision of 0.2—0.3 meV. radiusR=Z for X,=0.67. The soliddashed curve corresponds to

the negativdpositive) trion-energy shift 6x-=Ex+E.— Ex- and
+=Ex+E,—Ex+).
B. Results SXZ e Xz)

Figure 1 displays the energy shifts of the PL lines for theX; energy lines in spherical QD'sS(+<0<Sx-). The re-
trions confined in a spherically symmetriR€Z) QD with  sults of the present calculations show, that the same effect
respect to the line of confined exciton. In bulk GaAs, theoccurs also for spherical quantum dots with the Gaussian
trion PL peaks are only slightly shifted with respect to thepotential profile.
exciton PL line §x;~0.4 meV andSy-~0.25 meV#19. In The problem is more complex if the QD is anisotropic.

large QD's(with radiusR larger than~100 nm), the shift of ~ Then, the strength and range of the confinement potential in
the positive-trion line is not significantly changed with re- X-y plane and the growth direction are different. We have
spect to the bulk-limit value. If the radius of the dot de- Performed the calculations of the trion-energy shifts for dif-
creases below 80 nnX; PL line approaches the exciton ferentvalues oRandZ. Figure 2 shows the calculated trion-

line, i.e.,Sy+ decreases to 0. F®@=40 nm the recombina- ©Nergdy shifts as functions & (half of the QD height for
2 several values of the QD radiis We have considered QD’s

tion of the electron-hole pair in the positive trion releases thg, ..\, very different height-to-radius ratios. The lefight)

same amount of energy as the exciton recombination. FOL,y of horizontal axis of Fig. 2 corresponds to the QD in a

R<40 nm Sy takes on negative values; so, the order of theq, ) of 4 flat disk(elongated cylinder Each of the curves in
exciton andX; PL lines changes. The behavior of the Fig. 2 passes through the point, for which the QD has spheri-
negative-trion line is just opposite. The quantum confinemental symmetry. These points are marked by circles. The
shifts X~ line deep below the exciton line on the energy curves for the negative-trion exhibit the following simple
scale. The opposite behavior of the positive- and negativeregularity: the smaller is the QD, the stronger is the redshift
trion energy shifts was reported in our previous papen  of X~ PL line with respect to the exciton line. The depen-
spherical quantum dots with the square-well confinement podence of the positive-trion energy shift is more complex. In
tential. In the strong confinement limit this effect can beQD’s of large height, the movement of the confined charge
explained in the framework of the perturbation theory. In thiscarriers inz direction is nearly free. We can say that these
approach?? the trion-energy shifts are expressed in terms ofQD’s resemble the quantum wires. We note, that the PL
the energies of the Coulomb interaction between the particlegseaks of both the negative and the positive trions are red-
forming the trion complexes, as follow§X;=Veh— Vin, shifted with respect to the exciton PL line if the radius of the
and Sy-=Vep—Vee, Where Veop,, Vee, and Vy, are the “wire-like” dot decreases. ForR=100 nm, the positive-

electron-hole, electron-electron, and hole-hole interaction erffion line is monotonously redshifted with the decreasing
ergies, respectively. The quantum confinement in the QD'§eight of the QD. This dependence on the height is qualita-
leads to the localization of the charge carriers, which is mucfively the same as in the case of the two-dimensional quan-
stronger for the holes. Therefore, the absolute value of thé&dm wells, in which both the positive- and negative-trion PL
Coulomb interaction energy between the holes increasd%?aks are redshifted with respect to the exciton peak, if the
more than the electron-hole and electron-electron interactiolidth of the quantum well decreasEsin contrast toSy;
energies, i.eVnn>Ver>Vee, Which explains the qualitative  shift for R=100 nm, the curve foR=50 nm is nonmonoto-
difference in the confinement-induced changesXof and  nous. WherZ decreases below 120 nm tg PL line ap-
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FIG. 3. Trion-energy shift§ calculated with respect to the ex-
citon PL line as a function of radiuR of the QD for several values

calculated as a fungtlon N (half of the QD height for several of Z (half of the QD height The solid(dashed curves correspond
values of the QD radiuR. The solid curves show the results for the o the negativépositive trion. Open circles correspond to spherical
negative trion, and the dashed curves show the results for the po 5D's 9 P -OP P P

tive trion. Open circles correspond to spherical symmetry of QD’s.

FIG. 2. Trion-energy shift§ with respect to the exciton PL line

. C. Conclusions
proaches the exciton PL peak. The curve Rsr 50 nm ex-

hibits a flat minimum forZ between 50 and 80 nm. The
minima of the curves foR=25 and 15 nm are distinctly en

more'pronounced and appearZzt_ZQ andZ=10 nm, re- rPeak on the size and geometry of the QD’s. The obtained
spectively. We note, that these minima correspond to quar- . 4 : .
results indicate, that the negative-trion PL peak is always

tum dots with nearly spherical shapes. The PL line of the . : . ) .
positive-trion confined in the QD with radit®=50 nm has redshifted with respect to the exciton line. The stronger is the

smaller energy than the exciton line regardlesZ.dh other confm_ement (the .s.;malller IS the QD the Iarger IS t.h's
words,S, - is always positive foR=50 nm. This is not the redshift. The positive-trion line behaves qualitatively in the
2

o . . same manner only in the cases, where the QD geometry re-
gﬁii?c?:n%[e) igwg:i\fem?:weer Igall_d“,eg(r (‘)’}’TLC; tggit\i/\?eluterzioor: g‘; sembles a quantum well or a quantum wire. For the “well-
g ' P P ike” QD’s the redshift of X; PL line is larger for the small

fined in the dots with radius 25 or 10 nm can be blue shif’[ej1 iaht of th ¢ I while for the “wire-like” OD’
or redshifted with respect to the exciton line depending o eight of the quantum well, while for the “wire-like” QD's

the height of the QD. the redshift is more pronounced for the small radius of the

Figure 3 shows the shifts of the trion PL lines with respect Wire.” For the QD's with the diameter B comparable to
to the exciton line as functions of the radius of the dot forthe height Z, the size dependence of the positive-trion en-
fixed values of its height. The points for which the QD po- €19y shift is more complex. This energy shift plotted as a
tential is spherically symmetric are marked by circles. Again,function of the radius or the height of the QD exhibits
the negative trion is redshifted more strongly for smallerminima neaiR/Z=1, i.e., close to the QD’s with the spheri-
QD’s, while the dependence of the positive-trion shift iscal symmetry. If the values d&® or Z are of order of 25 nm or
more complex. In Fig. 3, the QD with the radiuR  smaller, these minima correspond to negative values of the
~150 nm can be treated as a quasi-two-dimensional quarenergy shift. Then, the order of exciton and positive-trion PL
tum well. In this QD, the redshift of the PL lines is largest for lines is opposite that in the bulk limit. The results presented
the lowest value of the height of the well. On the other handin this section are in a qualitative agreement with the present
the QD with the largest value of the heighif£100 nm)  knowledge on the trions in quantum well® and with the
looks like a quantum wire and the redshift of the PL |ineSprevious study of the trions in spherically symmetric Qﬁ’s_
grows, when the radius of this “wire-like” QD decreases. Moreover, based on the present results for the “wire-like”
The curve forZ=50 nm shows a flat minimum aR  QD's, we can predict that the PL lines for both the negative
=30 nm. This minimum is more pronounced for QD’s with and the positive trions in quantum wires should be redshifted
smaller height. We note, that the minima $f+ can corre-  yjth respect to the exciton line if the quantum-wire radius is
spond to negative values of the shift. decreased.

In this section, we have studied the dependence of the
ergy shifts of the trion PL peaks with respect to the exciton
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Ill. EXCITONIC TRIONS IN VERTICALLY function (13) is a good approximation of the exact ground-
COUPLED QUANTUM DOTS state wave function for the studied range of the barrier thick-
A. Theor ness between the dots, i.e., foa—2Z2>2 nm. The
. y .
ground-state energy of the electron-hole pair in the coupled
The energy shiftSy- andSy for the trions confined in a  dots is determined variationally with the following trial wave
single quantum dot cannot be identified with the trion bind-function:
ing energy!® However, if the QD is not single, i.e., if there is
another identical QD at a distance large enough to exclude 1

Men
the coupling between the dots, the trion-energy shifts are WE(re,r)= E E Ci i de
exactly equal to the energy needed to transfer one electron Ko Kn=0ign=1 cmemhn
(for X~) or one hole(for X;) from the QD occupied by the ]
three charge carriers to the other empty QD. Let us assume, [pe,Zet+ (—1)*e(a/2);Re,Ze]
that the charge carriers have at their disposal two identical, [ph,zn+ (—1)*(al2):Ry,Z4]
remote QD’s. Since in a single QBy- is always positive,
the ground state of a system composed of two electrons and X exp(— a?eipgh— Be"zZ,), (14

one hole will always correspond to a state, in which all the
particles are confined within the same Q@his is the . eh eh
confined-trion staje However, this is not the case fot; whereci, .k, are the linear an®. Ze Ry, Zn. aj . 5™ are

trion. For QD’s in which the energy shiﬂxz is negative, the the nonlinear variational parameters. This function is a direct

round-state corresponds to the electron-hole pair confine gneralization of trial wave functiof) for the exciton con-
9 P b ed in an isolated QD witiN.,=1. In Eq.(14) the sum-

in one dot(confined excitoh and one hole confined in the mations overk, and k, take into account all the possible

other QD. I.f the QD's are closer, Fhe coupling between themdistributions of the charge carriers over the two QD’s. The
can essentially change the energies of the exciton complex

€ . . . . .
and the type of the localization of partici&The coupling direction correlation between the particles confined in the

. . same self-assembled QD is weétf. Tables I-I); so we
\?V(Zt;vgsge\;\%técfr: I}[/hzt;aacl_kgd ég%;é%;;f:éa;ﬁi?{:t(;lfet?]eQELS neglect it almost totally in wave functiofi4). The interdot
. pec . . correlations are introduced via the two-center localization of
peaks as functions of the thickness of the interdot barrier. the products of the one-particle functiots
In this section we study the effect of the vertical coupling " ' P P (h -

between the QD’s on the trion states. We assume that the We' have. palculgted the !OWGSt energy levels of the
. . ; negativefpositive trion assuming that the electrafmole)
coupled dots have identical shapes and sizes, and possess . P : .
ubsystem is the spin singlet. For the negative trion we use

; ; s
common axis of the rotational symmetry. We apply the foI-the following wave function:
lowing confinement potentials for the electrons and the
holes:

WS (ry,r,,rp)
X 1:'25'h
Vg(h)(Pe(h)yze(h)) Ve(h)(Pe(h) 1Zen) ~ @/2;R,Z)

* Vehy(Pen) 1 Ze(ny +@/2;R,Z), => > Ciliiykikok (1 P12) d
kqkokp igiaigp
(12 .
. [ph.zn T (—1D)*(al2);Ry,Zp]

whereV, andV,, are the given by Eqg4) and (5), respec- )
tively, anda is the distance between the centers of the QD’s. delp1,21+(—1)Ual2);Re, Ze] Pe
The thickness of the barrier between the QD’s can be ex- Y )
pressed in terms of the distance between the QD centers and [p2,2,+(—1)"2(a/2);Re,Ze]

the height of the QD as follows=a—2Z. We adopt the xexp(— afp2, — a2,
values of the QD parameters corresponding tgGh ,As ! 2
self-assembled QD'sX(=0.67, R=24.9 nm, Z=0.92 nm xexp(— afpl,— Bz~ BZ),  (19)

(same as in the test calculations of Seg. The ground-state
wave function of a single-particle confined in potentia®)
possesses an even parity with respect to the change of sign \Where the summations ovkg andk, run from 0 to 1, over
z coordinate. We calculate the one-particle ground-state er; from O tok,, overi;, from 1 toMe,, and overi; andi,

ergy using the wave function from 1 to M¢;,. The terms withk,=k, andi,>i; are ex-
cluded from the sum, because of the symmetrization of the
BC v (Perhy »Zeth) = Doty Perhy » Zecm — &/2;R, Z) basis elements (£P;,). Basis(15) takes into account all
emiFeth) 7l SETeh) » el the possible distributions of the three particles between the
+ ben)(Pe(n) 1 Ze(ny T @I2;R,Z), two QD’s. In the calculations, we takM..=3 and M.,
(13 =2, like in the case of the trion in the single QD. In conse-

guence, basi§l5) consists of 60 elements. The trial wave
where ¢y is wave function(6) of the ground state of the function for the positive trion has been chosen in the same
electron (hole) confined in the single isolated QD. Wave way.

165331-6



EXCITONIC TRIONS IN SINGLE AND DOUBLE.. .. PHYSICAL REVIEW B 66, 165331 (2002

Fora<14 nm both the degenerateandB energy levels
12 start to decrease, which is a signature of the tunnel coupling
I between the QD’s. The presence of the tunnel coupling
means, that in state& and B there is a nonvanishing prob-
ability of finding one of the particles in the other QD than the
A B remaining two charge carriers. However, the tendency of all
the particles to occupy the same QD is still visible in these
states’® The degeneracy of the energy levalandB is lifted
for a<6 nm. For a=4 nm (~2 nm) the QD’s are
strongly coupled. In the strong coupling limit the trion wave
functions exhibit an approximate one-particle parity, i.e., par-
ity with respect to the change of the signotoordinate of
each of the particles separatéhDue to the difference of the
electron and hole masses, the effective height of the barrier
between the dots is much larger for the hole than for the
electron. In consequence, the even-odd energy-level splitting
for the electron is considerably larger than the splitting for
-480 ' L the hole. BothA and B states correspond to an approximate
a[nm] 12 16 even parity of both the electrons. Moreover in statethe
hole is in the even-parity state, whereas in sBtthe hole is
FIG. 4. Lowest-energy levels of the negative excitonic trion injn the state with an approximate odd parity. In both the ex-
the double Q_D as functions of the _distara:between the center_s of cited state€ andD, one of the electrons is in the even-parity
the QD's (thicknesst of the barrier between the QD'sSolid  gi516 and the other is in the odd-parity state. The correspond-
(dashedt lines correspond to the energy levels of the et@lid) 0 = ang D energy levels split foa<6 nm. Similarly as
parity states. Thin dotted{(+ e) line shows the sum of the ground- tatesA andB, statesC andD differ by the parity of the hole,

- ) . ’ .S
state energies of the exciton and the single-electron confined in the,”. . . . L
double QD. The meaning of symbolsB,C. andD is explained in Which is even inC state and odd i state. In the limit of the

400
>

[«b]
E

<
w
440

separate QD'sC and D states have the same energy and

the text. ! . .
elex correspond to the electron-hole pair confined in one of QD’s,
B. Results while the second electron is confined in the other QD.
Figure 4 shows the four lowest-energy levels fr The thin dotted line marked byX(+e€) in Fig. 4, shows

states, in which the electron subsystem is the spin singlef® sum of the ground-state energies of the following two
The corresponding barrier thicknesis marked on the upper Systems: the electron-hole pair and a single electron in the
horizontal axis. Since the confinement potential of thedouble QD structure. In the limit of large, this sum coin-
coupled QD’s(12) is invariant with respect to the reflection cides with the degenera@andD energy levels. The differ-
throughz=0 plane, the wave functions of the three-particle€nce between the sum of energieé+e) and the ground-
complex possess a definiteven- or odd) parity symmetry ~ state energy of the trion is equal to the shiftof PL peak
with respect to the operation of a simultaneous change oith respect to the exciton line, i.e., 8. In the limit of
signs ofz coordinates for all the particles. The parity prop- separate QD's, the energy sh8%- becomes identical with
erties of considered states result from the symmetries of thihe difference of the energies between the trion ground state
calculated three-particle wave functions, cf. the detailed dis(A,B energy levelsand the excited stateC(D energy lev-
cussion of the parity symmetry for the electron-hole pair in€l9. Then, this difference can be interpreted as the binding
vertically coupled self-assembled QD’s given in Ref. 26. Theenergy of the trion in the double QD structure, i.e., as the
wave functions associated with the energy lewland C ~ amount of energy needed to remove one of the electrons
(solid lines possess even parity, while the energy levels from the QD occupied by the trion and transfer it to the other
andD (dashed linescorrespond to the wave functions with QD. On the other hand, in the strong coupling limit, the
odd parity. Fora> 14 nm all the energy levels are indepen- double QD can be treated as a single QD with enlarged
dent of the interdot distance. Then, the QD’s can be treatetieight(larger vertical extensionThe trion energy shifSy-

as separatéuncoupled. In this limit, the distribution of the decreases with the decreasing distance between the QD’s.
charge carriers between the QD's is a definite property of allhis effect is consistent with the results of the preceding
the eigenstates, i.e., in all the eigenstates, the charge carrigggction, which show that the negative-trion energy shift is
occupy with a 100% probability either the same QD or dif-larger for smaller QD's.

ferent QD's?® At large interdot distance, the degenerate The results for the lowest-energy statesXgf trion are
statesA andB correspond to the trion localized in one of the displayed in Fig. 5. We restrict our study to the singlet states
QD’s. In these states all the charge carriers are confinedf the hole subsystem. The energy levels corresponding to
within the same QD. The energy of these states is equal tthe states with evefodd) total parity are plotted by the solid
the energy of the negative-trion confined in the single iso{dashedl lines. In the limit of separate dotdarge a), the
lated QD(cf. Table IIl). The ground state is twofold degen- ground state is twofold degenerdatef. degenerate energy-
erate, because the trion can be located in one of the twkevels marked byA andB). In the ground-state all the three
QD’s. particles occupy the same QD, while the other dot is empty.
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energy shiftSX2+ for R=25 nm andZ=0.92 nm is positive

but decreases if the height of the QD increases. In particular,
for 10=<Z<40 nm the energy shi1$x2+ is negative(cf. Fig.

2). As we have noted before, the coupled QD’s correspond to
a single dot with a larger height. This explains why the state
C, in which the holes tend to occupy different QD’s, be-
comes the ground state &f, trion under influence of the
interdot coupling. We note, that the change of ordeApB,

and C energy-levels appears for the specific value of the
height of the dot. In the limit of separate do@&energy-level
should correspond to the ground state for these values of the
height for which the positive-trion shi$X2+ is negative(cf.

Fig. 2.

-360

EX2+ [meV] §
l

-400 o ]

IV. CONCLUSIONS AND SUMMARY

|
4 8

L L .
12 16 We have presented the results of variational calculations

a[nm] for the excitonic trions confined in the single and vertically

coupled QD’s with the Gaussian confinement potential. We
the double QD as functions of the distarecbetween the centers of gave propgseq thi. tﬁal l\(NaV(.a function ext?a?]dehd m. thle
the QD’s. Solid(dashedllines present the energy levels of the states au.SS|an a.s's’ which takes |nto.account. oth the s!ng e
with the even(odd) parity. Thin dotted K+ h) line shows the sum particle confinement effects and interparticle correlations.

of the ground-state energies of the exciton and the single hole conVe have studied the influence of the shape and geometry of
fined in the double QD. The meaning of symb@ls8,C, andD is  the confinement potential on the shifts of the trion PL lines

explained in the text. with respect to the exciton line. We have considered all the
geometries of the cylindrically symmetric QD from a very
, flat QD, which resembles the two-dimensional quantum well
In other words, for separate QD’s the ground staté coreg, o glongated wire-like QD. We have shown, that the
sponds to the positive trioX, localized in one of the QD's.  negative-trion PL line is always redshifted with respect to the
In the limit of the separate QD’s, the first-excited state en-exciton line and that this shift is larger for smaller QD’s. The
ergy level C,D) is also degenerate. In the sta@andD, an  positive-trion exhibits qualitatively the same behavior only
electron-hole pair is confined in one QD and the second hol# these QD’s, which resemble quasi-one-dimensional quan-
is confined in the other QD. For comparison, the sum of theum wire or quasi-two-dimensional quantum well. However,
ground-state energieX (- h) of the exciton and hole is plot- in the nanostructures with similar height and diameter, the
ted by the thin dotted line. For smaller values of the barriempositive-trion line can be blueshifted with respect to the ex-
thickness, the relative distribution of the charge carriers beciton line, if the linear size of the QD is sufficiently small.
tween the QD’s is uncertain as a consequence of the cou-he limit cases of the present results are in a qualitative
pling. Nevertheless, even for the coupled QD'sArandB  agreement with the results of previous studies of the trion
states, all the particles exhibit a tendency to occupy the samféinding energy in quantum welfs,® and also with the shifts
dot, while in the excitec andD states, the holes exhibit a Of the trion PLlines found for the spherical QD%Based on
tendency to occupy different QD’s. thesg results we can a_llso fprmulate preQ|ct|ons about the
The degenerate excited-state energy le@l D) splits binding energy of the trions in quantum wires. Namely, the

for larger values of the interdot distance thak,B) level. present results indicate that the binding energy of both the

The electron iMA, B, andC states possesses an approximatene(:’]."’mve and the p03|t|\{e trlons should increase when the
radius of the quantum wire is decreased.

even parity, therefore_ the _corresponding energy levels de- Moreover, we have extended our study to the excitonic
crease when the barrier thickness decrease® 8tate the . 0 'ihe vertically coupled B3, ,As self-assembled

electron has an e_lpproximate odd parity, and in F:ontrqst t@D’s. We have considered the low-energy spectrum of the
statesA,B andC, its energy grows when the barrier thick- gystem of two electrons and one hole, as well as the system

ness dec_reases. The st@eorresponds to both the holes in ot wvo holes and one electron in a couple of vertically
even-parity states. In the stafe(B) one hole(two holes  stacked QD's. We have shown, that the shifts of the trion PL
occupies the odd-parity state. The degenerac, 8 energy |ines with respect to the exciton line obtained for a single
levels is lifted fora=6 nm as the result of the splitting be- isolated QD can be identified with the binding energy of the
tween the even- and odd-parity energy levels of the hole. Theion complexes for a pair of identical remote QD’s. We have
most interesting feature of the positive-trion spectrum is thestudied the splitting of the trion-energy levels under influ-
fact, that the energy of state passes below that &fandB  ence of the coupling between the QD’s. We have found, that
states foma<<~10 nm. This change of order of energy levels the interdot coupling decreases the redshift of the negative-
can be understood in context of Fig. 2. In the single QD, therion PL line with respect to the exciton line. Moreover, we

FIG. 5. Lowest-energy levels of the positive excitonic trion in
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have shown that the coupling may induce a redistribution of
the charge carriers between the dots in the positive-trion
ground state. These effects have been explained on the basisThis work has been performed in the framework of the
of our studies for the single QD, since—in the strong-French-Polish scientific cooperation program POLONIUM.
coupling limit—-the coupled QD’s can be treated as a singleOne of us(B. Szafran acknowledges the support of the
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