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The influence of quantum dot (QD) asymmetry on the emission of single three-dimensionally co
biexcitons in II-VI semiconductor nanostructures has been studied by magnetophotolumine
spectroscopy. Investigating both the biexciton and the single-exciton transition in the same sing
we obtain a unified picture of the impact of electron-hole exchange interaction on the fine structu
the polarization properties of optical transitions in QDs. The exchange splitting is demonstrated t
a strong influence on the derivation of the biexciton binding energy, which we determine to be
17 meV, much less than the separation between exciton and biexciton lines (ø24 meV) in the spectra.
[S0031-9007(99)08536-1]

PACS numbers: 78.66.–w, 71.35.Cc, 71.70.Gm
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In recent years, optical investigations on single se
conductor quantum dots (QDs), often designated as
tificial atoms,” opened a new and exciting field of bas
physics studies. In contrast to “real” atoms or molecul
a unique feature of solid state quantum dots is the
mation of Wannier excitons giving experimental acce
to both the Coulomb and the electron-hole (e-h) exchange
interaction in three-dimensionally confined solid state s
tems. Therefore, semiconductor QDs with geometr
smaller than or comparable to the bulk exciton Bohr
dius can be regarded as a model system in order to s
the impact of Coulomb and exchange interaction on
optical properties of zero-dimensional excitons and
citonic complexes [1–5]. Several techniques have b
developed to realize semiconductor QDs with high qu
tum efficiencies. This includes chemically prepared Q
embedded in a matrix [1,6] as well as ensembles of Q
fabricated by means of epitaxy and/or lithography [2,
15]. A drawback of such QD arrays is a broadening of
optical transitions due to the size dispersion of the do
which prevents the investigation of, e.g., the fine struct
of exciton states [16,17]. In order to suppress the in
ence of inhomogeneous broadening effects, spectrosc
techniques with a high spatial resolution have been in
duced as a powerful experimental tool. This allows o
to investigate single quantum dots (SQDs) by means
photoluminescence (PL) spectroscopy [2–5,10,14,18].

In II-VI nanostructures, thee-h exchange interaction
is significantly enhanced as compared to the (Ga,In
system [1,6]. This allows studies of the optical transitio
of excitons and multiexcitons without any significa
mixing of radiative (“bright”) and nonradiative (“dark”
excitonic states. Therefore, II-VI materials such a
0031-9007y99y82(8)y1780(4)$15.00
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e.g., CdSeyZnSe are ideal systems to study the impa
of the dot symmetry and thee-h exchange interaction
on the fine structure and the polarization properties
excitons and excitonic complexes in SQDs. Until no
the work on e-h exchange interaction in quantum do
has concentrated on single-exciton states, where,
the energy splitting between dark and bright excito
[1,6] or the splitting of the optically allowed single
exciton state into a linearly polarized doublet [2,17] w
investigated. To our knowledge, however, there are
studies on the impact ofe-h exchange interaction on th
emission properties of multiexcitons in QDs until now
However, due to the strong enhancement of the excha
energy expected in low dimensional systems [1,6],
consideration of exchange effects is crucial for, e.
any spectroscopic determination of multiexciton bindi
energies in zero-dimensional semiconductors such as,
CdSeyZnSe QDs.

In the present paper, we investigate for the first time
influence ofe-h exchange interaction (i) on the transitio
energy, (ii) on the PL polarization, and (iii) on the bindin
energy of zero-dimensional biexcitons. Both weakly a
highly asymmetric SQDs have been investigated with
and with magnetic fieldB parallel to the growth axisz.
The study of both, the biexciton as well as the excit
transition in the same SQD, gives a unique opportun
to compare the fine structure of (multi)excitonic stat
in three-dimensionally confined systems with theoreti
predictions.

The investigated samples are CdSeyZnSe structures
fabricated by migration enhanced epitaxy, embedd
three monolayers (ML) of CdSe between ZnSe barri
[12]. RHEED measurements indicate a 3D growth mo
© 1999 The American Physical Society
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for a CdSe layer thicknessLz . 2.5 ML. From high
resolution transmission electron microscopy data, an e
mate of the average QD size has been obtained, yieldi
height of about 1.5–2 nm in growth direction and a late
extension of 5–10 nm. To achieve the high spatial re
lution required for SQD spectroscopy, we have prepa
square mesas with lateral extensions down to 60 nm
electron beam lithography and wet chemical etching [1
Continuous wave PL studies were carried out in an opt
cryostat with a split-coil solenoid in Faraday configurati
using the 363.8 nm line of an Ar1-ion laser for the exci-
tation and a LN2-cooled CCD camera for the detection
the QD emission.

In Fig. 1a, unpolarized PL spectra for two SQD
(QD1 and QD2, respectively) are displayed for differe
excitation densities. At low excitation densities, the
spectrum is dominated by the single-exciton transit
X. For high excitation, additional features occur in t
PL spectrum at about 25 meV lower energy. As w
be discussed below in detail, these peaks are due to
recombination of the two-exciton stateX2, the biexciton.
Two remarkable features have to be mentioned. First,
energetic difference between the exciton and the biexc
emission is quite large; and, second, the spectral sh
of the exciton, which, e.g., is a well resolved doub
for QD2, is exactly reproduced in the PL spectra of
biexciton.

To get a more detailed insight into the symmetry
the QD eigenstates and their consequence on the
tical properties of excitonic molecules, the polarizati
dependence of both, the exciton as well as the bie

FIG. 1. (a) Unpolarized PL spectra from two QDs for d
ferent excitation power. The spectra are taken from a sm
(diameter of about 100 nm) mesa.X denotes the exciton
emission, whileX2 corresponds to the recombination of t
two-exciton (biexciton) state. (P0 ­ 10 Wycm2). (b) Linearly
polarized PL spectra from the two QDs.
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ton transition, is studied. As can be seen in Fig. 1
the biexciton and the exciton emission consists of
doublet which is linearly polarized along thef110g and
f11̄0g crystal orientation, respectively. The splitting b
tween the two components is small (,0.3 meV) in most
(.50%) of the dots investigated (see QD1). However,
changes from one dot to another and, for about 10%
the dots, values of 0.8 meV and larger are obtained (
QD2). Remarkably, the energy sequence of the po
ized components is different for theX andX2 transition:
While, for the exciton, thepx polarized component is the
higher energetic one, the situation is exactly the op
site for the biexciton, where thepx polarized component
forms the low energy part of the doublet.

The biexciton ground state is a spin-singlet state (S ­
0). Thus, both the polarization and the fine structu
splitting of the biexciton emission are controlled by th
final state of the recombination, i.e., the eigenstates
the single exciton. As schematically depicted in Fig.
the ground state of the heavy-hole exciton is expec
to be fourfold degenerate, if exchange interaction
neglected. To take into account the influence of excha
interaction on the symmetry and the energy of the exci
eigenstates, we have to discuss the spin Hamiltonian
heavy-hole excitons [16,17,20], which is given by

HX ­ azĵh,z ŝe,z 1
X

i­x,y,z

bi ĵ
3
h,i ŝe,i , (1)

with ŝe,i and ĵh,i as electron and hole spin operator
The eigenvalues aresz ­ 61y2 and jz ­ 63y2 for
the electron and the heavy-hole spin, respectively. T
e-h spin exchange interaction results in a splitting
the X quartet with the angular momentum compone
M ­ sz 1 jz ­ 61, 62. Quantum wells (QWs) as wel
as cylindrical QDs have aD2d point-group symmetry.
For this symmetrybx ­ by and as a consequence th

FIG. 2. Schematic illustration of the exciton and the tw
exciton states and the allowed optical transitions in QDs
different symmetry.
1781
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X quartet splits into a radiative doubletj61l and two
nonradiative singlets formed by linear combinations
j62l states (see Fig. 2). While in this case the radia
doublet is degenerate, the nonradiative one is split
d2 ­ 3

4 jbx 1 byj.
For a lower symmetry, all of the coefficients in Eq. (

have a different magnitude and the radiative double
split by d1 ­

3
4 jbx 2 byj. In QDs with Lz ø Lx , Ly ,

the splitting between bright and dark excitons (d0 ­
3
2 az 1

27
8 bz) is expected to be much larger than the e

ergy splitting of the bright exciton doublet. Therefore, t
mixing of j61l andj62l states is small, and the radiativ
states are a symmetric and antisymmetric combinatio
j11l andj21l states,X1 andX2, respectively. Thus, the
optical transitions of both theX and theX2 transitions are
expected to be linearly polarized along the principal
plane axes, i.e., thef110g and f11̄0g directions. This is
exactly what we observe in our experiments (see Fig.
Moreover, the energy sequence of thepx and py polar-
ized components observed in the experiment nicely c
firms the theoretical expectation.

In order to calculate the energy splitting of the ex
ton ground state due to exchange interaction, we have
plied the theory introduced by Blackwood and Ivchen
[16,17], assuming the simplest form of the exciton e
velope function, namely, the full confinement of the e
citon in the QD [21]. From our calculations, we fin
that the exchange splitting between bright exciton sta
increases with increasing dot asymmetry and decrea
size. For cylindrical QDs (D2d symmetry), the exchang
splitting is expected to be zero. Thus, we mainly
tribute the variation of the exchange splitting betwe
different dots to a dot dependent deviation from cyl
drical shape (i.e.,jLx 2 Lyj . 0) [22]. A splitting be-
tween theX1 and X2 states of 0.8 meV as obtaine
e.g., for QD2 (note that the number of such dots is v
small) is possible only in small enough (few nm) a
highly anisotropic QDs. For example, withLz ø 1.5 nm
andLx 3 Ly ø 10 nm 3 2.5 nm, we obtaind1 ø d2 ø
0.8 meV. In this case, the dark-bright splitting is abo
d0 ­ 3.2 meV, i.e., significantly enhanced as compar
e.g., to ZnSeyZnCdSe QWs, where a splitting ofd0 ø
0.5 meV is found forLz ­ 10 nm [23]. This enhance
ment is attributed to quantum confinement effects, in g
agreement with results on CdSyZnS nanostructures re
ported by Woggonet al. [6].

The fine structure of the exciton and the biexcit
emission has an important impact on the determina
of the biexciton binding energy in QDs. The energe
distance between the emission of the single-exciton
the two-exciton complex,Dp

M , is typically about 23–
25 meV and depends strongly on the PL polarizat
(see Fig. 1b). In QDs with a large exchange splitting
excitons, however,Dp

M and the biexciton binding energ
DM are different entities. As indicated in Fig. 2, th
allowed X2 transition corresponds to the transition fro
1782
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X2 to the excited (j61l) rather than to the ground (j62l)
X state. Thus, in QDs,DM should be defined by the
following equation:

DM ­ Dp
M 2 2d0 7 d1 2 d2 , (2)

for px and py polarization, respectively. For example
for QD2 we obtainD

p
M ­ 24.9 meV (23.3 meV) forpx

(py) polarization and, with the above estimated valu
of d0 ø 3.2 meV andd1 ø d2 ø 0.8 meV, one obtains
DM ø 16.9 meV, which is significantly smaller thanDp

M .
Thus, the commonly used energetic difference betw
the exciton and the biexciton emission results in a stro
overestimate of the biexciton binding energy. Neverth
less, the biexciton binding energy determined here incl
ing exchange effects is strongly enhanced as compare
II-VI quantum wells, a direct consequence of the thre
dimensional confinement of the biexciton in the QD.

The symmetry and the energy of the dot eigenstates
be systematically varied by applying a magnetic field. F
B k z, the Zeeman interaction is given by

HB ­ mBsge,z ŝz 2 gh,z ĵzdB , (3)

where ge,h are the electron and holeg factors andmB

is the Bohr magneton. The energy eigenvaluesEi of
the two radiative heavy-hole states derived from t
corresponding HamiltonianH ­ HX 1 HB are (g1 ­
ge 1 3gh)

E1,2 ­
1
2

sd0 6
p

sg1mBBd2 1 d2
1 d . (4)

As shown in Fig. 3a, for the symmetric QD1 th
exciton line splitting,D1sBd ­ E1 2 E2, increases almos
linearly with B with a g factor of g1 ­ 1.56. For
the asymmetric QD2, in contrast,D1sBd strongly differs
from the linear dependence. This deviation is related
the large zero-field splittingd1 of the radiative exciton
state due toe-h exchange interaction. The experiment
dependence (symbols) is in excellent agreement with
calculated one using Eq. (4) (solid lines).

From these data, we can conclude that both the Zee
energy as well as the splitting between the bright sta

FIG. 3. (a) Energy splitting between the bright exciton stat
D1sBd, and (b) degree of circular polarization,fIss1d 2
Iss2dgyfIss1d 1 Iss2dg, of the X2 transition versus magnetic
field.
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FIG. 4. s and p polarized PL spectra from SQDs at a
magnetic field B ­ 8 T and an excitation power ofP0 ­
10 Wycm2.

are much smaller than the dark-bright splitting,d0. For
that reason, a magnetic field in Faraday geometry res
in a redistribution of the circular polarizedj11l and
j21l states between the two bright exciton levelsX1,2

according to (a ­ g1mBByd1)

jX1,2l ­
1

p
2

j11l 6 s
p

1 1 a2 7 ad j21lp
1 1 a2 7 a

p
1 1 a2

, (5)

without mixing bright and dark exciton states.
As an external magnetic field does not split the biexc

ton spin-singlet state, both the polarization and the tran
tion energies of the linesX2 are controlled by the energy
and the symmetry of the exciton levels. This means th
first, the splitting of the biexciton lines should coincid
with that of the exciton emission, in agreement with o
experimental data. Second, the linear polarization of bo
the X and X2 lines at zero magnetic field should trans
form into a circular one in a high magnetic field. Whil
for the exciton transition the effective exciton temperatu
and/or the spin flip process between the bright states
expected to influence the polarization degree significan
the X2 transition should directly reflect the magnetic fiel
induced change of the symmetry of the exciton eigensta
according to Eq. (5). This is shown in Fig. 3b, wher
the degree of circular polarization of theX2 line is plot-
ted versus magnetic field. Indeed, a very good agreem
between the experimental data (symbols) and the the
(lines) is found.

In Fig. 4, polarized PL spectra at 8 T are shown. F
QD1 (a ¿ 1), the exciton and the biexciton emissio
consist of two components ofs1 and s2 polarization,
respectively. In contrast, for the asymmetric QD2, th
Zeeman splitting is comparable tod0 (a ø 1). This
lts

i-
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t,

r
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results in a degree of linear polarization, which even
B ­ 8 T is still rather large.

Most interesting, however, is the change of the pol
ization sequence of theX2 and theX lines at high mag-
netic field compared to the zero magnetic field data.
already mentioned, forB ­ 0, the X2 emission has the
same magnitude of the fine structure splitting, but the
posite sequence of polarized components than the emis
of the exciton (see Fig. 1b). In contrast, at high magne
fields, the energy sequence of thes1 ands2 transitions
is the same for excitons and biexcitons, as demonstr
in the magneto PL spectra depicted in Fig. 4. Compar
Figs. 1b and 4, it can be clearly seen that, if thepxs yd com-
ponents of the lineX transform with increasing magneti
field B into thes1s2d lines, the biexciton emission compo
nentpx transforms intos2 and, vice versa,py into s1,
in full agreement with theory.
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