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Making use of a droplet-epitaxial technique, we realize nanometer-sized quantum ring complexes, consisting
of a well-defined inner ring and an outer ring. Electronic structure inherent in the unique quantum system is
analyzed using a microphotoluminescence technique. One advantage of our growth method is that it presents
the possibility of varying the ring geometry. Two samples are prepared and studied: a single-wall ring and a
concentric double ring. For both samples, highly efficient photoluminescence emitted from a single quantum
structure is detected. The spectra show discrete resonance lines, which reflect the quantized nature of the
ring-type electronic states. In the concentric double ring, the carrier confinement in the inner ring and that in
the outer ring are identified distinctly as split lines. The observed spectra are interpreted on the basis of single
electron effective mass calculations.
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I. INTRODUCTION

Recent progress in nanofabrication technology allows the
simulation of novel atomic physical phenomena on an artifi-
cial platform, such as presence of �-function-like density of
states on quantum dots �QD�,1,2 realization of molecular-
orbital state on spatially coupled QDs,3,4 and formation of
nanometer-sized quantum rings,5–8 which are nanoscopic
analogues of benzene. Among them, fabrication of semicon-
ductor quantum rings has triggered strong interest in realiza-
tion of quantum topological phenomena, which are expected
in small systems with simply connected geometry.9,10 The
Aharonov-Bohm �AB� effect, which engenders so-called per-
sistent current,11 has been explored for various types of me-
soscopic rings, based on metals12 and semiconductors,5,13 us-
ing magnetic and transport experiments. As an optical, i.e.,
noncontact, approach, Lorke et al. first observed far-infrared
optical response in self-assembled quantum rings, revealing
a magneto-induced change in the ground state from angular
momentum l=0 to l=−1, with a flux quantum piercing the
interior.14 Later, Bayer et al. reported pronounced AB-type
oscillation appearing in the resonance energy of a charged
exciton confined in a single lithographic quantum ring;15 fur-
thermore, Ribeiro et al. observed the AB signature in type-II
quantum dots, in which a heavy hole travels around a dot.16

Although magneto conductance characteristics have gar-
nered considerable attention, optical manifestation of the AB
effect has remained a controversial subject.17 In this regime,
both an electron and a hole are excited simultaneously; the
net charge inside a ring decreases to zero. Because of the
charge neutrality, the loop current associated with a magnetic
flux must vanish, engendering the absence of the AB effect
for a tightly bound electron-hole pair �exciton�. Several theo-
ries have been proposed that a composite nature of excitons
allows for a nonvanishing AB effect in a small sufficient
ring,17 and in excited state emissions.18 On the other hand, a
negative prediction has also been reported in which the AB

effect can hardly take place in more realistic rings with finite
width.19 A large difference in trajectories for an electron and
a hole is necessary to exhibit the AB effect on neutral
excitation.20

The present study examines the optical transition in
strain-free self-assembled GaAs quantum rings in a zero
magnetic field. We have recently reported self-production of
nanometer-sized GaAs rings on �Al,Ga�As by means of a
droplet epitaxial technique.7,8 Because of their good cyclic
symmetry, together with high tunability of the ring size and
shape, the present system is expected to open a new route to
implement the AB effect within the optical regime. Both the
ground-state transition and the excited-state transition are
identified by single quantum ring photoluminescence �PL�.
The spectra are found to be in good agreement with results of
single-carrier calculation.

The paper is organized as follows. In Sec. II, we briefly
explain the sample preparation and the procedure of the op-
tical experiment. In Sec. III, we present low temperature PL
spectroscopy of single quantum rings. Section IV presents
the theoretical results; we discuss the experimental data in

FIG. 1. �Color online� Atomic force microscope images in 250
�250 nm2 area for �a� a GaAs quantum ring �QR�, and �b� a con-
centric double ring �DQR�, grown by droplet epitaxy. After ring
formation, they are covered by an Al0.3Ga0.7As layer for optical
experimentation.
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terms of this model in Sec. V. Our conclusions are summa-
rized briefly in Sec. VI.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

GaAs quantum rings were grown on Al0.3Ga0.7As using
modified droplet epitaxy.21 In this growth, cation �Ga� atoms
are supplied solely in the initial stage of growth, producing
nanometer-sized droplets of Ga clusters. After formation of
the Ga droplets, anion atoms �As� are supplied, leading to
crystallization of the droplets into GaAs nanocrystals. In
contrast to the other methods to fabricate QDs, such as
Stranski-Krastanow growth, this technique can produce
strain-free quantum dots based on lattice-matched heterosys-
tems. In addition to these characteristics, we recently found
that it has a high controllability of the crystalline shape:
When we irradiate the Ga droplets with an As beam of suf-
ficiently high intensity, typically 2�10−4 Torr beam equiva-
lent pressure �BEP� at 200 °C, the crystalline shape becomes
conelike, following the shape of the original droplet.22,23

When we reduce the As intensity to 1�10−5 Torr BEP, the
QD becomes ring like, with a well-defined center hole.7 Fur-
ther reduction of the As flux, down to 2�10−6 Torr BEP,
produces the striking formation of unique concentric double-
rings: an inner ring and an outer one.8 The rings show a good
circular symmetry, whereas small elongation is found along

the �01̄1� direction �5% for the inner ring and 8% for the
outer ring�.

Two samples are used in the experiment: a GaAs quantum
ring of 40 nm diameter with 15 nm height �abbreviated to
QR, hereafter� and concentric double rings consisting of an
inner ring of 40 nm diameter and 6 nm height, and an outer
ring of 80 nm diameter with 5 nm height �abbreviated to
DQR�. In the growth of these two rings, the same conditions
were applied to the initial deposition of Ga droplets �1.75
monolayer �ML� of Ga at 0.05 ML/s to the surface of a
Al0.3Ga0.7As substrate at 300 °C�. Thus, the mean volume for
each structure is expected to be equivalent for QR and DQR,
whereas its crystalline shape differs drastically. After ring
formation, they were capped by an Al0.3Ga0.7As barrier of
100 nm thickness, following rapid thermal annealing �RTA;
750 °C for 4 min�. The ring shape before capping is charac-
terized by atomic force microscopy �AFM�, as shown in Fig.
1 �see also the averaged cross section of DQR presented in
Fig. 6�c��. The ring density is 1.3�108 cm−2 for both
samples, allowing the capture of the emission from a single
structure using a micro-objective setup.

We would like to stress the difference in growth process
between these quantum rings and In�Ga�As rings, whose
growth was previously reported.6,24 The ring formation of the
latter case is associated with partial capping of a thin GaAs
layer on InAs QDs, which were originally made by the
Stranski-Krastanow method. Subsequent annealing results in
the morphological change from islandlike QDs to ringlike
nanocrystals. In contrast, the present rings are formed at the
crystalline stage of GaAs. The ring shape in this case is
determined by the flux intensity of As beams. After the for-

mation of rings, they are capped by a thick �Al,Ga�As layer.
Later we apply RTA to improve their optical characteristics.
Note that the final RTA processing does not modify the nano-
crystalline ring shape, according to the negligible interdiffu-
sion of Ga and As at a GaAs/ �Al,Ga�As heterointerface at
the relevant temperature.25

B. Optical arrangement

In the PL experiment, we used a continuous wave He-Ne
laser as an excitation source. The laser emitted 544 nm
wavelength light, corresponding to 2.28 eV in energy. The
excitation beam from the laser was obliquely incident to the
sample. It was loosely focused by a conventional lens
�30-cm focal length� into an elliptical spot of 0.5
�1.4 mm2. Emission from the sample was collected by an
aberration-corrected objective lens of N.A. �numerical aper-
ture� =0.55. Combination of the objective lens and a pinhole
�50-�m diameter� at the focal plane allowed the capture of
emissions inside a small spot of 1.2-�m diameter. For this
spot size, 1.3 rings were expected to lie in the focus on
average. The position of detection was translated laterally so
that single quantum structures were captured individually.
For this purpose, we moved the objective lens with submi-
crometer precision using piezo transducers. During transla-
tion of the spot, the condition of excitation was kept un-
changed because the excitation area was sufficiently larger
than the area that covered the entire translation. The emission
passing through the pinhole was introduced into an entrance
slit of a polychromator of 32-cm focal length. After being
spectrally dispersed, it was recorded by a charged-couple
device detector with 0.8-meV resolution. In advance of the
micro-objective measurement, we used a conventional PL
setup to observe the spectra of the ring ensemble. All experi-
ments were performed at 3.8 K.

Before describing experimental results, we mention the
carrier dynamics associated with photoexcitation of the
present condition. For our laser beam, photocarriers are pro-
duced initially in the barrier, whose band gap is 1.95 eV.
After diffusion, the carriers are captured by the quantum
rings. The captured carriers then relax into the lower lying
quantum ring levels where they radiatively recombine. Our
previous study showed the recombination lifetime in
GaAs/ �Al,Ga�As QDs as �400 ps, whereas the characteris-
tic time of intradot relaxation was much shorter—less than
30 ps—depending on excitation density.26,27 Because of the
rapid intradot relaxation, we can expect that an electron and
a hole recombine after they are in quasiequilibrium. The
quantized levels are occupied by carriers according to the
Fermi distribution. Similar dynamics are expected in the ring
system.

III. EXPERIMENTAL RESULTS

A. PL from the ensemble of quantum rings

We present the far-field PL spectrum of the sample with
QR in Fig. 2�a�. It comprises several spectral components.
The sharp line at 1.49 eV is assigned by impurity-related
emissions from the GaAs substrate. Because of a thin depos-
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ited layer of the sample �500 nm thickness�, the excitation
beam is expected to reach the substrate, thereby producing
strong emissions. The broad emission band at 1.544 eV in
the center energy is attributed to recombination of an elec-
tron and a hole, which are confined in GaAs QRs. The spec-
trum is broadened by 28 meV in full width at half maximum
�FWHM�. The line broadening is caused by the size distri-
bution of the rings. Several emission components ranging
from 1.7 eV to 1.95 eV are assigned by recombinations in the
�Al,Ga�As barrier. The spectral tail to lower energy suggests
the presence of impurities and imperfections in the barrier
layer. Note that the excitation density at this measurement is
quite low �50 mW/cm2�. For that reason, the impurity-
related signal should be relatively emphasized.

The PL spectrum of the sample with DQR is presented in
Fig. 2�b�. The signals that are related to the GaAs substrate
and to the barrier are identical to those of QR. The emission
band at 1.628 eV in center energy originates from recombi-
nation of the ensemble of DQRs. It is broadened by 49 meV
in FWHM. We find that the PL energy of DQR is higher than
that of QR. The energy shift reflects the small height of
DQR. In our rings, stronger confinement is induced along the
growth direction than in the lateral in-plane direction. Thus,
the reduction in height, associated with formation of DQR,
enhances their confinement energy, causing a blue shift in the
PL spectrum.

B. Spectroscopy of a single quantum ring

In Fig. 3 we show the PL spectra of three different quan-
tum rings, QR-a, QR-b, and QR-c, and their dependence on
excitation intensity. In QR-a at low excitation, we find a
single emission line appearing at 1.569 eV, which results
from recombination of an electron and a hole, both occupy-
ing the ground state of the ring. With increasing excitation

intensity, a new emission line, indicated by an arrow,
emerges at 1.582 eV. Further increase in excitation density
causes saturation in the intensity of the original line along
with a nonlinear increase in the new line. Superlinear depen-
dence of the emission intensity suggests that the satellite line
comes from the electron-hole recombination from an excited
level of the ring. Thus, the energy difference between the
ground and the excited state in the QR is 13 meV.

In addition to the state-filling feature associated with pho-
toinjection, we find the ground-state emission being shifted
to low energy. It is a signature of multicarrier effects. In the
presence of multiple carriers inside a ring, their energy levels
are modified by the Coulomb interaction among carriers. Be-
cause the optical transition energy is mainly renormalized
according to the exchange correction, the many-carrier ef-
fects result in spectral red shift of the emission, depending on
the number of carriers. Similar features have been observed
in numerous quantum dot systems including GaAs dots27 and
In�Ga�As rings.28 Note that the relevant multiplet is not spec-
trally resolved in our rings, but it leads to the red shift of the
broad emission spectra. Moreover, the biexcitonic emission
is expected to contribute to the low energy tail of the spectra

FIG. 2. Far-field emission spectra of the sample with �a� QRs
and �b� DQRs at 5 K plotted on a logarithmic scale. The excitation
density is 50 mW/cm2.

FIG. 3. Emission spectra for a single GaAs QR. Three
examples—a ,b, and c—are presented. Their respective excitation
densities were, from bottom to top, 1, 10, and 30 W/cm2. Spectra
are normalized to their maxima and offset for clarity.
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because the biexciton binding energy was found to be
�0.8 meV in our droplet-epitaxial GaAs dots.27,29 At high
excitation, we also find spectral broadening, which is attrib-
uted to an incoherent collision process that occurs among
carriers.

Identical spectral features are found in QR-b. The ground-
state emission is observed at 1.537 eV, whereas the excited-
state emission appears at 1.546 eV. The energy spacing be-
tween these two lines is 9 meV. Although dependence on
excitation density is quite similar for QR-a and QR-b, the
energy levels are slightly different because of a small disper-
sion of the ring shape and size. We note that the linewidth of
the ground-state emission is also different between QR-a
�2.2 meV FWHM� and QR-b �3.4 meV�. Moreover, these are
considerably large compared with that known for self-
assembled QDs. We ascribe the line broadening to spectral
diffusion, i.e., an effect of the local environment that sur-
rounds each QR; our samples are expected to contain a rela-
tively large density of imperfections and excess dopants, as-
sociated with the low-temperature growth of the sample. It
causes low-frequency fluctuation in the local field surround-
ing QRs, which is due to the carrier hopping inside the bar-
rier. This leads to efficient broadening of the PL spectra,
which depend on the local environment of each ring. De-
tailed examination of the origin of line broadening is studied
in droplet-epitaxial GaAs quantum dots.29

In QR-c, we find a shoulder structure on the ground-state
emission, which suggests the split in the relevant level
caused by lateral elongation, and/or structural imperfection
inherent in this ring. Broken symmetry in the ring shape
causes degeneracy lift in the energy level, leading to obser-
vation of the doublet spectra.30 Apart from this split struc-
ture, the same spectral characteristics are found in QR-c. The
energy difference from the original line to the satellite is
observed to 11 meV, which is between the value of QR-a and
that of QR-b.

Spatial dependence of the PL spectrum is shown in Fig. 4,
where the position of detection is laterally translated on the
sample in steps of 0.32 �m. Figure 4�a� presents the results
obtained at low excitation. They exhibit a single line associ-
ated with the ground-state emission from a single QR, de-
pending on the position of detection. Lateral broadening of
the emission is estimated as �1.2 �m FWHM, which is con-
sistent with the spatial resolution of our micro-objective
setup. At high excitation, the spectra change into multiplets,
as shown in Fig. 4�b�. They show the same lateral profile
with those obtained at low excitation, confirming the multi-
plet being emitted from a single QR, and not from multiple
QRs with different energies. The energy split from the
ground-state emission to the first excited-state emission is
observed to be 9 meV for this QR.

C. Spectroscopy on single concentric double rings

We present the PL spectra of two concentric quantum
double-rings—DQR-a and DQR-b—in Fig. 5. Similarly to
the case of QR, the spectra consist of discrete lines, i.e., a
main peak following a satellite one, which is at the high
energy side of the main peak. The former is associated with

recombination of carriers in the ground state, whereas the
latter is from the excited states. The energy difference be-
tween the ground-state line and the excited-state one is 7.2
meV in DQR-a and 8.5 meV in DQR-b. We point out that, in
contrast to the QR case, we observe the satellite peak even at
the lowest excitation. For the lowest excitation intensity, we
can estimate the carrier population inside a ring to be less
than 0.1, according to the carrier capturing cross section de-
termined for GaAs QD, which was prepared with the same
epitaxial technique.27 Observation of the excited-state emis-

FIG. 4. Position dependence of micro PL spectra in GaAs QR at
�a� 1.2 W/cm2 and �b� 36 W/cm2. From top to bottom, the position
of detection is moved from 0 to 3.8 �m in steps of 0.32 �m. Spec-
tra are vertically offset for clarity.

FIG. 5. Emission spectra for concentric quantum double-rings,
DQR-a and DQR-b. Their respective excitation densities were, from
bottom to top, 1, 10, and 30 W/cm2. Spectra are normalized to their
maxima and offset for clarity.
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sion suggests reduction of carrier relaxation from the excited
level to the ground level. That feature will be discussed later.

At high excitation, we find that several additional lines are
superimposed on the spectra, as shown by the broken arrows.
Presence of these contributions implies the presence of fine
energy structures in DQR.

IV. CALCULATION FOR SINGLE-CARRIER LEVELS

We evaluate the energy levels of the ring in the frame-
work of a single-band effective-mass envelope model.31,32 In
calculation, the actual shape measured by AFM is adopted as
the potential of quantum confinement; for simplicity, the ring
is assumed to hold a cylindrical symmetry. The technique
employed in this section follows Ref. 31 describing the exact
diagonalization of the effective-mass Hamiltonian. Note that,
in our lattice-matched GaAs/ �Al,Ga�As rings, strain effects
are negligible. For that reason, the simple effective-mass ap-
proach is expected to provide accurate energy levels. This
presents a contrast to the case of Stranski-Krastanow grown
dots, where the electronic structure is modified strongly by
complex strain effects.33 The versatility of the present
method is seen in Refs. 34 and 35, showing good agreement
between the asymmetric PL lineshape in a GaAs/ �Al,Ga�As
QD ensemble and the calculation, taking into account the
morphologic distribution of dots.

We also notice that the present calculation neglects Cou-
lomb interaction between an electron and a hole. Because
our rings are sufficiently small that confinement effects are
dominant, the Coulomb interaction can be treated as a con-
stant shift in the transition energies, independent of the
choice of an electron state and the hole state. In the follow-
ing discussion, we are interested in relative energy shifts
from the ground-state transition to the excited-state one, and
dependence of the exciton binding energy on relevant
�single-carrier� transition should be sufficiently below the ex-

perimental accuracy. Thus, we restrict ourselves to calculate
the single-carrier energy levels, discarding Coulomb correla-
tion effects.

Our approach to the problem is to enclose the nanocrystal
inside a large cylinder of radius Rc and height Zc, on the
surface of which the wave function vanishes. Care should be
taken to set Rc and Zc away from the ring, so that the eigen-
values are almost independent of their choice. Taking into
account the rotational symmetry of the Hamiltonian, and for
this boundary condition, the wave function, �L, where
L�=0, ±1,…� is the azimuthal quantum number, is expanded
in terms of a complete set of the base functions, �i,j

L , formed
by products of Bessel functions of integer order L and sine
functions of z,

�L�z,r,�� = �
i,j�0

Ai,j
L �i,j

L �z,r,�� , �1�

�i,j
L �z,r,�� = �i

LJL�ki
Lr�eiL�sin�Kjz� , �2�

where ki
LRc is the ith zero of the Bessel function of integer

order JL�x� ,Kj =	j /Zc, and �i
L are the appropriate normaliza-

tion factors, i.e.,

�i
L =� 2

	ZcRc
2

2

�JL−1�ki
LRc� − JL+1�ki

LRc��
. �3�

In advance of calculation, we have prepared a Hamiltonian
that includes a potential term in cylindrical coordinates.
Then, we calculated its matrix elements through numerical
integration with �i,j

L over r and z. Finally, the eigenstates were
obtained with a diagonalizing matrix. For the present calcu-
lation, we have taken into account 35 Bessels and 35 sine
functions as the base functions for each value of L, and
Rc�Zc�=120�20� nm nm. Material parameters used in calcu-
lation are summarized in Table I.

FIG. 6. Single-carrier energy levels in �a� QR and �b� DQR. Quantization energies for an electron �a heavy hole� with the three lowest
radial quantum numbers, Ne�h�, and various angular momenta �up to 10� are presented. �c� Cross-sectional imaging of electronic probability
density in DQR for Ne=1, 2, and 3 with L=0. The line represents the potential of confinement used for calculation.
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A series of single-carrier levels of QR is shown in Fig.
6�a�. Because the system has cylindrical symmetry, each car-
rier level is specified by the principal �radial� quantum
number38 N�=1,2 ,…�, and an azimuthal quantum number L,
corresponding to the angular momentum. Two levels with ±L
are degenerated at zero magnetic field. In Fig. 6�a�, the car-
rier levels belonging to each radial quantum number are
aligned vertically with those of a different angular momen-
tum. We find that a vertical �L-dependent� sequence of quan-
tized levels shows a typical signature of ring-type confine-
ment. For an ideal ring with infinitesimal width, being
treated as a one-dimensional system with translational peri-
odicity, the level series is expressed as

EL =

2

2m*R2L2, �4�

where R and m* respectively represent the radius of the ring
and the carrier mass. We find that the bilinear dependence of
the level series, shown in Eq. �4�, is reflected clearly in the
line sequence in Fig. 6�a�.

The energy levels in DQR are shown in Fig. 6�b�. As a
result of the smaller height, the quantization energies are
larger than those of QR. The level sequence of N=1 is more
densely populated than that of N=2, suggesting a large dif-
ference in carrier trajectories between the two levels. Ac-
cording to Eq. �4�, the situation corresponds to the large ef-
fective value of R for N=1. The fact is confirmed by the
wave functions shown in Fig. 6�c�. This figure illustrates the
envelope wave function of an electron with various values of
N. They are of zero angular momentum. We find that the
electron of N=1 is confined mainly in the outer ring. That of
N=2 is in the inner ring, and that of N=3 is situated in both
rings. That differential confinement engenders remarkable
changes in their trajectory. The amount of penetration for the
electron of N=1 to the inner ring is found to be �0.1,
whereas that of N=2 to the outer ring is �0.05.

V. DISCUSSION

We have evaluated the oscillator strength for transitions
between each electron-hole �e-h� level to determine a con-
sistency between the emission spectra and the theoretical lev-
els. The magnitude is proportional to the overlap of corre-
sponding �envelope� wave functions. Note that, because of
cylindrical symmetry, optical transition is not allowed for an
electron and a hole with different angular momentum. More-

over, we have determined the transition strengths for the
e-h pair with different Ns as less than 1/10 smaller than that
with the same Ns. We can therefore infer that the electron,
specified by a pair of N and L, recombines only with the hole
of the same N and L. This selection rule allows us to describe
each optical transition simply by �N ,L�.

A series of transition energies for QR, obtained by the
procedure described above, are shown in Fig. 7�a�. For com-
parison, the emission spectra of QR-a are plotted as an ex-
ample of experimental data. The main peak and the high-
energy satellite in the observed spectra are assigned
respectively by the recombination of the e-h pair in the low-
est state, �N ,L�= �1,0�, and that of the first excited radial
state, �2, 0�. The split between the two transitions is deduced
to be 13.1 meV, which agrees with the energy shift obtained
by experiments. Note that the emissions associated with high
angular momenta are not present in the data, which suggests
rapid relaxation of angular momentum, whose process is
quite faster than transition between radial quantization levels
or recombination between an electron and a hole. A possible
origin for fast angular momentum relaxation is structural
asymmetry of the ring, which results from elongation, impu-
rity, and surface roughness. In this case, angular momentum
does not represent a good quantum number, and scattering
between different L levels efficiently occurs.

We show the comparison between the experimental spec-
tra of DQR and the results of calculation in Fig. 7�b�. As in
the case of QR, the main PL peak and the satellite one are
explained respectively in terms of the transition of �N ,L�
= �1,0� and that of �2, 0�. The energy split deduced from
calculation is 8.8 meV, which agrees with the experimental

TABLE I. Material parameters used in the effective mass calcu-
lation for the conduction band �CB� and the valence band �VB�

Quantity Units GaAs Al0.3Ga0.7As

CB effective massa m0 0.067 0.093

VB effective mass �heavy hole� a m0 0.51 0.57

CB band offset b meV 262

VB band offset b meV 195

aReference 36.
bReference 37.

FIG. 7. �a� A series of optical transition energies in QR, obtained
by the calculation. The PL spectrum of QR a at 15 W/cm2 is shown
in the inset. �b� The energies of optical transitions in DQR, together
with the PL spectrum of DQR a at 10 W/cm2 for comparison.
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value. It is noteworthy that, in DQR, the wave function of
N=1 is localized mainly in the outer ring, whereas that of
N=2 is localized in the inner ring. Thus, the two peaks in the
observed spectra come from the two rings, which consist of a
DQR. In this connection, it is noteworthy that the excited-
state emission in our experiment appears even when the car-
rier population is less than 1. This presence of the excited
state emission constitutes direct evidence for the carrier con-
finement into the two rings. Tunneling probability between
the inner ring and the outer one is not very large, engender-
ing the observation of the excited-state emission. Note also
that the emission of the outer ring is more intense than that
of the inner ring. The effect is attributable to their different
surface areas, which affects the efficiency of the carrier in-
jection from a barrier.

Finally, we would like to discuss the validity of the theo-
retical treatment which neglects the Coulomb correlation be-
tween an electron and a hole. A limitation of the validity
takes place when an exciton binding energy is fairly large
compared to a single-carrier split energy, i.e., 13.1 meV for
QR, and 8.8 meV for DQR. In this case the Coulomb corre-
lation admixes various single-carrier levels. We can roughly
evaluate the exciton binding energy of the rings in compari-
son with that of GaAs/ �Al,Ga�As quantum wells �QWs�.
This is because the carrier quantization of our rings is mainly
associated with vertical confinement, and the lateral dimen-
sion is larger than the exciton Bohr diameter. According to
numerous attempts on the study of GaAs/ �Al,Ga�As QWs,39

the QW confinement enhances the exciton binding energy
from a bulk value of 3.7 meV to �10 meV at �6-nm thick
QWs. A smaller thickness results in weaker exciton binding
due to the carrier penetration to a barrier. These results sup-
port the exciton binding energy being smaller than, or at
most comparable to, the single-carrier split energy of the
rings. The observed spectral doublet, therefore, directly re-
flects the single-carrier levels. The situation presents a clear
contrast to that of Stranski-Krastanow grown QDs, in which

the dot dimension is quite smaller than our droplet-epitaxial
nanostructures, so that the exciton binding energy reaches
�30 meV.

VI. CONCLUSIONS

We have used a remarkable change in quantum dot shape
through droplet epitaxial growth to fabricate semiconductor
quantum ring complexes. Electronic structures of the quan-
tum rings are identified using an optical, noncontact ap-
proach. In the small ringlike system, carriers are quantized
along two orthogonal degrees of freedom—radial motion and
rotational motion. The latter corresponds to angular momen-
tum. The optical transition takes place on recombination of
an electron and a heavy hole, which are in the grand state of
the ring, and in the excited radial state. In concentric double
quantum rings, emission originating from the outer ring and
that from the inner ring are observed distinctly. Results of
effective-mass calculations well reproduce the emission
spectra applied to a single quantum ring.

We believe that the present ring system will contribute to
a deeper understanding of quantum interference effects in a
nonsimply connected geometry. In this connection, we would
like to point out that our concentric double rings are a good
candidate to realize in-plane polarization for carriers, produc-
ing a robust Aharonov-Bohm feature in neutral excitonic
transition.20,40 Magnetoptical experiments using these quan-
tum rings are now in progress.
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