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The influence of quantum dot (QD) asymmetry on the emission of single three-dimensionally confined
biexcitons in II-VI semiconductor nanostructures has been studied by magnetophotoluminescence
spectroscopy. Investigating both the biexciton and the single-exciton transition in the same single QD,
we obtain a unified picture of the impact of electron-hole exchange interaction on the fine structure and
the polarization properties of optical transitions in QDs. The exchange splitting is demonstrated to have
a strong influence on the derivation of the biexciton binding energy, which we determine to be about
17 meV, much less than the separation between exciton and biexciton 43dsnfeV) in the spectra.
[S0031-9007(99)08536-1]

PACS numbers: 78.66.—w, 71.35.Cc, 71.70.Gm

In recent years, optical investigations on single semie.g., CdS¢ZnSe are ideal systems to study the impact
conductor quantum dots (QDs), often designated as “amf the dot symmetry and the-i exchange interaction
tificial atoms,” opened a new and exciting field of basicon the fine structure and the polarization properties of
physics studies. In contrast to “real” atoms or moleculesexcitons and excitonic complexes in SQDs. Until now,
a unique feature of solid state quantum dots is the forthe work one-h exchange interaction in quantum dots
mation of Wannier excitons giving experimental accessas concentrated on single-exciton states, where, e.g.,
to both the Coulomb and the electron-hatel() exchange the energy splitting between dark and bright excitons
interaction in three-dimensionally confined solid state sysf1,6] or the splitting of the optically allowed single-
tems. Therefore, semiconductor QDs with geometriegxciton state into a linearly polarized doublet [2,17] was
smaller than or comparable to the bulk exciton Bohr rainvestigated. To our knowledge, however, there are no
dius can be regarded as a model system in order to studyudies on the impact af-h exchange interaction on the
the impact of Coulomb and exchange interaction on themission properties of multiexcitons in QDs until now.
optical properties of zero-dimensional excitons and exHowever, due to the strong enhancement of the exchange
citonic complexes [1-5]. Several techniques have beeenergy expected in low dimensional systems [1,6], a
developed to realize semiconductor QDs with high quaneonsideration of exchange effects is crucial for, e.g.,
tum efficiencies. This includes chemically prepared QDsany spectroscopic determination of multiexciton binding
embedded in a matrix [1,6] as well as ensembles of QDgnergies in zero-dimensional semiconductors such as, e.g.,
fabricated by means of epitaxy and/or lithography [2,7-CdSe&’ZnSe QDs.

15]. A drawback of such QD arrays is a broadening of the In the present paper, we investigate for the first time the
optical transitions due to the size dispersion of the dotsinfluence ofe-k exchange interaction (i) on the transition
which prevents the investigation of, e.g., the fine structurenergy, (ii) on the PL polarization, and (iii) on the binding
of exciton states [16,17]. In order to suppress the influenergy of zero-dimensional biexcitons. Both weakly and
ence of inhomogeneous broadening effects, spectroscopighly asymmetric SQDs have been investigated without
techniques with a high spatial resolution have been introand with magnetic fieldB parallel to the growth axis.
duced as a powerful experimental tool. This allows oneThe study of both, the biexciton as well as the exciton
to investigate single quantum dots (SQDs) by means dfransition in the same SQD, gives a unique opportunity
photoluminescence (PL) spectroscopy [2—5,10,14,18]. to compare the fine structure of (multi)excitonic states

In 1I-VI nanostructures, thes-h exchange interaction in three-dimensionally confined systems with theoretical
is significantly enhanced as compared to the (Ga,In)Agredictions.
system [1,6]. This allows studies of the optical transitions The investigated samples are Cd®eSe structures
of excitons and multiexcitons without any significant fabricated by migration enhanced epitaxy, embedding
mixing of radiative (“bright”) and nonradiative (“dark”) three monolayers (ML) of CdSe between ZnSe barriers
excitonic states. Therefore, II-VI materials such as[12]. RHEED measurements indicate a 3D growth mode
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for a CdSe layer thicknesg, > 2.5 ML. From high ton transition, is studied. As can be seen in Fig. 1b,
resolution transmission electron microscopy data, an estthe biexciton and the exciton emission consists of a
mate of the average QD size has been obtained, yieldingdoublet which is linearly polarized along th&10] and
height of about 1.5—2 nm in growth direction and a latera[110] crystal orientation, respectively. The splitting be-
extension of 5—10 nm. To achieve the high spatial resotween the two components is smat(@.3 meV) in most
lution required for SQD spectroscopy, we have prepared>50%) of the dots investigated (see QD1). However, it
square mesas with lateral extensions down to 60 nm bghanges from one dot to another and, for about 10% of
electron beam lithography and wet chemical etching [19]the dots, values of 0.8 meV and larger are obtained (see
Continuous wave PL studies were carried out in an opticaQD2). Remarkably, the energy sequence of the polar-
cryostat with a split-coil solenoid in Faraday configurationized components is different for thé and X, transition:
using the 363.8 nm line of an Arion laser for the exci- While, for the exciton, ther, polarized component is the
tation and a LN-cooled CCD camera for the detection of higher energetic one, the situation is exactly the oppo-
the QD emission. site for the biexciton, where the, polarized component

In Fig. 1a, unpolarized PL spectra for two SQDsforms the low energy part of the doublet.
(QD1 and QD2, respectively) are displayed for different The biexciton ground state is a spin-singlet state=(
excitation densities. At low excitation densities, the PL0). Thus, both the polarization and the fine structure
spectrum is dominated by the single-exciton transitiorsplitting of the biexciton emission are controlled by the
X. For high excitation, additional features occur in thefinal state of the recombination, i.e., the eigenstates of
PL spectrum at about 25 meV lower energy. As will the single exciton. As schematically depicted in Fig. 2,
be discussed below in detail, these peaks are due to tlibe ground state of the heavy-hole exciton is expected
recombination of the two-exciton stal®, the biexciton. to be fourfold degenerate, if exchange interaction is
Two remarkable features have to be mentioned. First, theeglected. To take into account the influence of exchange
energetic difference between the exciton and the biexcitomteraction on the symmetry and the energy of the exciton
emission is quite large; and, second, the spectral shapggenstates, we have to discuss the spin Hamiltonian for
of the exciton, which, e.g., is a well resolved doubletheavy-hole excitons [16,17,20], which is given by
for QD2, is exactly reproduced in the PL spectra of the
biexciton. Hy = ajnzSe. + . biJhSeis (1)

To get a more detailed insight into the symmetry of i=x.y.2
the QD eigenstates and their consequence on the o
tical properties of excitonic molecules, the polarization
dependence of both, the exciton as well as the biexci

B\?ith $.; and J,; as electron and hole spin operators.
The eigenvalues are, = *1/2 and j, = £3/2 for

the electron and the heavy-hole spin, respectively. The
e-h spin exchange interaction results in a splitting of
the X quartet with the angular momentum component

b
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FIG. 1. (a) Unpolarized PL spectra from two QDs for dif- sttt A,=0 A,=0 A, #0 A,#0 A #£0
ferent excitation power. The spectra are taken from a small Bz0 B=0 B=0 B=0 B=z0

(diameter of about 100 nm) mesaX denotes the exciton

emission, whileX, corresponds to the recombination of the FIG. 2. Schematic illustration of the exciton and the two-
two-exciton (biexciton) state. Pg = 10 W/cn?). (b) Linearly  exciton states and the allowed optical transitions in QDs of
polarized PL spectra from the two QDs. different symmetry.
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X quartet splits into a radiative doubl¢t-1) and two X, to the excited |1)) rather than to the ground=2))
nonradiative singlets formed by linear combinations ofX state. Thus, in QDsA,, should be defined by the
|+£2) states (see Fig. 2). While in this case the radiativefollowing equation:
ggu:bl?lbf flebgitla.nerate, the nonradiative one is split by Ay = AL, — 280 F 81 — 6, @)
For a lower symmetry, all of the coefficients in Eq. (1) for 7, and 7, polarization, respectively. For example,
have a different magnitude and the radiative doublet igor QD2 we obtainA), = 24.9 meV (23.3 meV) form,
split by 6, = %be — byl. In QDs with L, < L,,L,, (my) polarization and, with the above estimated values
t3he splzisting between bright and dark exciton§, & of 69 = 3.2 meV andé; = 5, = 0.8 meV, one obtains
sa, + G b;) is expected to be much larger than the en-Ay = 16.9 meV, which is significantly smaller thatuy,.
ergy splitting of the bright exciton doublet. Therefore, theThus, the commonly used energetic difference between
mixing of |+1) and|*2) states is small, and the radiative the exciton and the biexciton emission results in a strong
states are a symmetric and antisymmetric combination afverestimate of the biexciton binding energy. Neverthe-
[+1) and|—1) states X+ andX_, respectively. Thus, the less, the biexciton binding energy determined here includ-
optical transitions of both th& and theX, transitions are ing exchange effects is strongly enhanced as compared to
expected to be linearly polarized along the principal in-lI-VI quantum wells, a direct consequence of the three-
plane axes, i.e., thEl10] and[110] directions. This is dimensional confinement of the biexciton in the QD.
exactly what we observe in our experiments (see Fig. 1b). The symmetry and the energy of the dot eigenstates can
Moreover, the energy sequence of the and 7, polar-  be systematically varied by applying a magnetic field. For
ized components observed in the experiment nicely conB || z, the Zeeman interaction is given by
firms the theoretical expectation. Hy = up(20.5. — ¢p.0.)B 3)
In order to calculate the energy splitting of the exci- B = HBl8ezSz ™ BhaJIBs
ton ground state due to exchange interaction, we have ap¢here g, are the electron and holg factors andug
plied the theory introduced by Blackwood and Ivchenkois the Bohr magneton. The energy eigenvalugsof
[16,17], assuming the simplest form of the exciton en-the two radiative heavy-hole states derived from the
velope function, namely, the full confinement of the ex-corresponding HamiltoniartH = Hx + Hp are (g; =
citon in the QD [21]. From our calculations, we find g, + 3g5)
that the exchange splitting between bright exciton states 1
increases with increasing dot asymmetry and decreasing Eip = —(80 = V(giusB)?* + 812). 4)
size. For cylindrical QDs§,;, symmetry), the exchange 2
splitting is expected to be zero. Thus, we mainly at- As shown in Fig. 3a, for the symmetric QD1 the
tribute the variation of the exchange splitting betweengyciton line splittingA;(B) = E, — Ea, increases almost
different dots to a dot dependent deviation from cylin-jinearly with B with a g factor of g; = 1.56. For
drical shape (i.e.|L, — L,| > 0) [22]. A splitting be-  the asymmetric QD2, in contrash,(B) strongly differs
tween theX. and X_ states of 0.8 meV as obtained, from the linear dependence. This deviation is related to
e.g., for QD2 (note that the number of such dots is verfhe |arge zero-field splitting; of the radiative exciton
small) is possible only in small enough (few nm) andstate due ta-i exchange interaction. The experimental
highly anisotropic QDs. For example, with ~ 1.5nm  dependence (symbols) is in excellent agreement with the
andL, X L, = 10 nm X 2.5 nm, we obtaind, =~ &, ~  calculated one using Eq. (4) (solid lines).
0.8 meV. In this case, the dark-bright splitting is about  From these data, we can conclude that both the Zeeman

8o = 3.2 meV, i.e., significantly enhanced as comparedenergy as well as the splitting between the bright states
e.g., to ZnSgZnCdSe QWs, where a splitting dfy, =

0.5 meV is found forL, = 10 nm [23]. This enhance-

ment is attributed to quantum confinement effects, in good — ) & = X
agreement with results on CA&S nanostructures re- 0 b2 K I
ported by Woggoret al. [6]. Eq Q01 17

The fine structure of the exciton and the biexciton o 3 X
emission has an important impact on the determination & ] IT
of the biexciton binding energy in QDs. The energetic Z A geerman | 1 =
distance between the emission of the single-exciton and splitting “\“\OD1 xi:
the two-exciton complexAj,, is typically about 23— T S e -t
25 meV and depends strongly on the PL polarization MAGNETIC FIELD (T)

(Se? Fig. 1b). In QPS with a Ia_rge Qxchapg_e splitting OfFIG. 3. (a) Energy splitting between the bright exciton states,
excitons, howeverAj, and the biexciton binding energy A,(B), and (b) degree of circular polarizatio/(c+) —

AM are different entities. As indicated in Flg 2, the ](g—‘)]/[](g—"’) + ](g—‘)], of the X, transition versus magnetic
allowed X, transition corresponds to the transition from field.
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. results in a degree of linear polarization, which even for
S | B=8T X(QD1) B = 8 T is still rather large.
g X2(QD1) x(Qb2) _ Most interesting, however, is the _change qf the polar-
& |%(@02)k i ization sequence of th&, and theX Ilnes_at _hlgh mag-
r i netic field compared to the zero magnetic field data. As
& A already mentioned, foB = 0, the X, emission has the
2 same magnitude of the fine structure splitting, but the op-
7o) - posite sequence of polarized components than the emission
& g of the exciton (see Fig. 1b). In contrast, at high magnetic
£ FNANE: fields, the energy sequence of thé and o~ transitions
S et Aot et orcrarar ANt is the same for excitons and biexcitons, as demonstrated
2.268 2275 2.294 2.301 in the magneto PL spectra depicted in Fig. 4. Comparing
PHOTON ENERGY (eV) Figs. 1b and 4, it can be clearly seen that, if the,) com-
FIG. 4. o and = polarized PL spectra from SQDs at a Ponents of the lin& transform with increasing magnetic
magnetic fieldB = 8 T and an excitation power of, = field B into thea (™) lines, the biexciton emission compo-
10 W/cm?. nentsr, transforms intoor~ and, vice versagr, into o™,

in full agreement with theory.
are much smaller than the dark-bright splittiriy, For We gr_atefully acknowledge the_financial support of thg
that reason, a magnetic field in Faraday geometry resulfyato Science Program, the Russian Foundation for Basic
in a redistribution of the circular polarizet1) and Research, and the Deutsche Forschungsgemeinschatft.
|—1) states between the two bright exciton leveds?
according to & = g1 upB/51)

1 |+ = (V1 + a2 F a)|-1)
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