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Zeeman splitting of excitons and biexcitons in single In0.60Ga0.40As/GaAs
self-assembled quantum dots
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Self-assembled In0.60Ga0.40As/GaAs quantum dots have been studied by single dot photoluminescence spec-
troscopy atT51.5 K. Emission from the biexciton state is observed, for which we find a binding energy of 3.1
meV. In magnetic field we observe equal Zeeman splittings for the exciton and biexciton spectral lines. The
splitting of the biexciton emission is given by the splitting of the exciton in the final state of the biexciton
transition. The circular polarization of the quantum dot luminescence decreases with increasing magnetic field,
although the spin splitting is clearly larger than the thermal energy. This indicates that the spin relaxation is
strongly suppressed in these quantum dots.@S0163-1829~98!50736-9#
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During recent years the spectroscopic investigation
semiconductor quantum dots1 ~QD’s! has clearly revealed
the three-dimensional confinement of electronic states
these structures.2–7 In particular, QD’s fabricated by self
organized growth have attracted considerable attention. S
organized growth typically provides QD’s with dimensio
comparable to the exciton Bohr radius.3,6,7 Therefore the ef-
fects of the geometric confinement and the Coulomb inte
tion effects have to be investigated in detail to obtain a qu
titative understanding of the optical spectra.

When studying arrays of QD’s, fine-structure effects ar
ing for example from exciton-exciton interaction can oft
hardly be resolved in the optical spectra. Fluctuations of
dot size cause a broadening of the spectral lines, whic
comparable or larger than typical Coulomb interaction en
gies and prevents the study of such effects. In case of s
assembled QD’s the spectral width of the emission from
ensemble of dots typically is a few tens of meV.3

Therefore several experimental techniques have been
veloped which allow the investigation of a single QD. F
example, a fine-structure splitting of the ground and exci
exciton states was reported which was attributed to a sh
asymmetry of the studied natural QD’s.8 Emission from
biexcitons has been observed in such systems5 as well as in
self-assembled QD’s, for which also emission from charg
excitons9 and from multiexciton complexes10 was found.
Time-resolved studies on laser-induced single QD’s g
rise to speculations about a Fermi-gas like behavior of
excitons in a QD.11 For strongly confined nanocrystals ra
dom intermittency of the QD luminescence was found a
explained by Auger emission processes of carriers out
QD.12 In a magnetic field the Zeeman splitting of the grou
and excited exciton emission was observed.13 Further, its hy-
perfine structure was resolved in the excitonic luminesce
from natural QD’s which arises from the dynamic polariz
tion of the lattice nuclei~Overhauser effect!.14
PRB 580163-1829/98/58~12!/7508~4!/$15.00
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In this paper we report on magnetophotoluminesce
studies of excitons (X) and biexcitons (X2) in self-
assembled In0.60Ga0.40As QD’s. To suppress the effects o
inhomogeneous broadening, the experiments were perfor
on single QD’s allowing to observe fine-structure effects
the optical spectra. In magnetic field a large Zeeman splitt
of the exciton emission is observed, which corresponds to
exciton g factor of about 3. Using high optical excitation
emission from biexcitons is observed. The spin splitting
the biexciton is equal to the splitting of the exciton emissi
and originates from the splitting of the exciton in the fin
state of the optical transition.

The In0.60Ga0.40As QD’s were fabricated by molecula
beam epitaxy using Stransky-Krastanov quasi-thr
dimensional growth. From scanning electron microscopy
a sample in which the QD’s were not covered by a cap la
we find that the dots are approximately hemispherica
shaped and have a base radius of about 10 nm. For spe
scopic investigation of small numbers of QD’s small fiel
were fabricated by electron beam lithography and wet che
cal etching on an unpatterned sample. The lateral size
these fields ranged from 600 down to 100 nm. The smal
fields contain only a few quantum dots, and for magne
field investigation only those were chosen, whose low ex
tation spectra consist of a single exciton emission line.

The samples were held at a temperature of 1.5 K in
helium insert of an optical cryostat with a superconduct
split-coil magnet (B,8 T). The magnetic field was aligne
normal to the heterostructure. For optical excitation we u
a cw Ar1 laser. The laser spot could be focused to a diame
of about 30mm. In order to avoid sample heating, the ave
age laser power density incident on the sample was lim
to 10 W cm22. The emission was dispersed by a doub
monochromator (f 50.6 m) and detected with a LN2-cooled
Si charge-coupled-devices camera. The polarization of
luminescence could be analyzed by a quarter-wave-reta
and a linear polarizer.
R7508 © 1998 The American Physical Society
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Figure 1~a! shows photoluminescence spectra of an unp
terned dot sample~lowest trace!, of fields with lateral sizes
of 300 and 200 nm~middle traces! and finally of a field with
a size of 100 nm~uppermost trace!. The spectra were re
corded using low excitation powers of about 20mW. The
emission spectrum of the unpatterned sample consists
broad emission band with a spectral width of about 30 m
arising from dot size fluctuations. In the large field the bro
emission is broken up into a set of sharp lines each havin
width of about 200meV limited by the spectral resolution o
the setup. However, the number of spectral features is
too large for clear assignments when varying for example
excitation power. In contrast, for the smallest field only o
sharp emission lineX is observed at 1.3196 eV, which orig
nates from the recombination of one electron-hole pair in
dot. From this observation we can conclude that this fi
contains only a single QD.

Photoluminescence spectra of a sing
In0.60Ga0.40As/GaAs QD are shown in Fig. 1~b! for various
excitation powers. With increasing excitation~from bottom
to top! a new emission line labeled byX2 appears on the low
energy side of theX emission atE51.3165 eV. Simulta-
neously a high energy featureX2

! is observed about 30 meV
above the exciton line, the origin of which will be discuss
below. The intensity ofX2 increases superlinearly with exc
tation power. In combination with the results of magne
field studies described below this power dependence i
cates that this emission can be attributed to biexcitonic
combination.

FIG. 1. ~a! Photoluminescence spectra of self-assemb
In0.60Ga0.40As/GaAs QD’s in small fields of different lateral sizes~100, 200,
and 300 nm! and from an unpatterned dot sample.~b! Photoluminescence
spectra from a 100 nm wide field containing only a single QD for differ
excitation powers.
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The low energy shift ofX2 relative to theX emission
arises from theX-X Coulomb interaction in the dot and ca
be considered as biexciton binding energy, the differe
between the energies of two uncorrelated excitons and
energy of the two exciton complex. This energy difference
equal to the splitting between the exciton and biexciton
combination lines. From the spectra we find a biexcit
binding energyD(X2) of 3.1 meV, which is clearly larger
than the typical binding energies of less than about 1 m
observed in GaAs-based quantum wells or of 0.13 meV
bulk GaAs. The enhancement ofD(X2) is a consequence o
the strong geometric confinement in self-assembled Q
which causes a pronounced increase of the inter-par
Coulomb interactions.16

Figure 2 shows photoluminescence spectra of a sin
In0.60Ga0.40As/GaAs QD at varying magnetic fields. Thes1

polarized spectra are given by the dotted lines, thes2 po-
larized ones by the solid lines, respectively. To observe
X2 features clearly, they have been normalized to unity. W
increasing magnetic field a splitting of the exciton emissio
is observed. The splitting arises from the Zeeman splitting
the exciton,DE65gXmBB, wheregX is the excitong factor
andmB is the Bohr magneton. Similarly to the exciton, al
the biexciton emission is seen to split with increasing m
netic field.

In Fig. 3 the energies of the spin-polarized exciton a
biexciton emission lines are plotted versus magnetic fie
The center of the exciton doublet~indicated by the solid line!
shifts diamagnetically to higher energies with increas

d

t

FIG. 2. Polarized photoluminescence spectra of a self-assem
In0.60Ga0.40As/GaAs single QD for various magnetic fields increasing fro
bottom to top. The solid and the dotted lines give thes2 and thes1

polarized spectra, respectively.



ia

th
As
ta
n
in

tin
th
ua
r
in

th

io
ar

hi
tic
e
on
he

ld
d

ton
pin

y a
n-
in

on
ent
gy

n of
ld.

the
at
re-

ved
e

p
ly
the

ag
fe

o

ex-

RAPID COMMUNICATIONS

R7510 PRB 58A. KUTHER et al.
magnetic field. For strong geometric confinement the d
magnetic shift can be approximated15 by

DEdiamag
X 5

e2

8 S ^r e
2&

me
1

^r h
2&

mh
DB2, ~1!

where ^r e/h
2 & are the mean square lateral extensions of

electron and hole wavefunctions in the dot, respectively.
suming equal extensions for electron and hole we ob
^r e,h

2 &1/2;12 nm from the experimental shift which is i
good agreement with the dot radius of 10 nm from scann
electron microscopy.

For low magnetic fields thes1 polarized exciton emis-
sion line shifts to lower energies because of the spin split
and for B.4 T its energy is almost constant, because
Zeeman splitting and the diamagnetic shift are about eq
In contrast, thes2 polarized line shifts smoothly to highe
energies. Within the experimental accuracy the spin splitt
between the two emission lines increases linearly withB, as
shown by the triangles in the inset of Fig. 3, and atB58 T
the splitting is as large as 1.4 meV. From the slope of
increase we obtain an excitonicg factor of gX53.0260.05.

The magnetic field dependence of the biexciton transit
energies is quite similar to that of the exciton. In particul
the diamagnetic shift of the center of theX2 spectral lines is
equal to the diamagnetic shift of the exciton emission. T
shift is given by the difference of the biexciton diamagne
shift in the initial state of the optical transition and of th
exciton shift in the final state. Thus we find that the biexcit
diamagnetic shift is two times the diamagnetic shift of t

FIG. 3. Exciton and biexciton energies as functions of the m
netic field. The transitions are labeled corresponding to their dif
ent circular polarizations. The inset shows the Zeeman splitting
the exciton and the biexciton emission versus magnetic field.
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exciton. This is in agreement with calculations, which yie
for the biexciton diamagnetic shift in strongly confine
QD’s:
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Further, the magnetic field dependence of the biexci
spin splitting is equal to the dependence for the exciton s
~diamonds in the inset of Fig. 3!. The biexciton is a spin
singlet state and therefore its energy cannot be split b
magnetic field. However, the final state of the biexciton tra
sition is an exciton, as indicated by the transition scheme
Fig. 4. Therefore the spin splitting of the biexciton emissi
is given by the Zeeman splitting of the exciton, in agreem
with the experimental findings. The reduction of the ener
separation between thes2 polarized biexciton and thes1

polarized exciton emission can be interpreted as reductio
the biexciton binding energy with increasing magnetic fie
This means, that for the present QD’sB reduces the biexci-
ton binding energy from about 3.1 to 1.6 meV.16

We have also investigated the circular polarization of
spin-polarized exciton emission from these QD’s. For th
reason spectra were recorded without using quarter wave
tarder and linear polarizer. The spin splitting can be obser
starting from magnetic fields of about 2 T. In Fig. 5 th
circular polarization

P5
I ~s1!2I ~s2!

I ~s1!1I ~s2!
~3!

is plotted versus magnetic field. AtB52 T the polarization is
about 25%. For higherB it then surprisingly drops to zero u
to 8 T, although the spin splitting for high fields is clear
larger than the thermal energy at the low temperatures in

-
r-
f

FIG. 4. Scheme of optical transitions from the exciton and bi
citon states at zero and nonzero magnetic field.
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present experiments. We assume that the excitons are u
larized when they relax into the spin-split exciton grou
state because we are exciting nonresonantly with linearly
larized light. Therefore the spins cannot be in thermal eq
librium and the spin relaxation has to be suppressed in th
strongly confined QD’s at highB. This means that the spi
relaxation time increases withB and at high fields it is sig-

FIG. 5. Circular polarization of the exciton luminescence from a sin
self-assembled In0.60Ga0.40As/GaAs QD. The solid line is a guide to the ey
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nificantly longer than the radiative decay time, for which w
find about 500 ps from time-resolved spectroscopy. T
‘‘bottleneck’’ for spin relaxation presumably is a direct co
sequence of the discrete energy level structure in the Q
which suppresses strongly energy exchange processes re
with a spin flip.

This observation is confirmed by the high excitation sp
tra in Fig. 1~b!, where simultaneously with the appearance
the biexciton feature a high energy spectral lineX2

! is ob-
served. The high energy emission originates from the rec
bination of an electron and a hole in the first electron a
hole excited states. The splitting of 30 meV from the excit
line agrees well with the splitting which we obtain from
calculations for the energies of the QD single particle sta
When the ground state is occupied by a carrier with a cer
spin orientation, an additional carrier in the dot can on
relax into the ground state when it has opposite spin
biexciton formation is possible. However, when the spin o
entation is the same as that of the ground state carrier, re
ation into the ground state is prevented by the Pauli-princ
and an excited biexciton state is formed, which consists o
electron-hole pair in the ground and one in the first exci
states.

In conclusion, we have investigated self-assemb
In0.60Ga0.40As/GaAs QD’s by single dot magneto
photoluminescence spectroscopy. Due to the strong quan
confinement we find a greatly enhanced biexciton bind
energy. In magnetic field the fine structure of the biexcit
emission is equal to that of the exciton, because the biexc
is a spin-singlet state and the spectrum of theX2 emission is
fully determined by the exciton in the final state of the bie
citon transition.
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