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We have studied the photoluminescence spectra of InyAl 12yAs self-assembled quantum dots in
Al xGa12xAs matrices with magnetic fields up toB540 T. The quantum dot structure is pseudomorphically
grown by molecular-beam epitaxy on~100! GaAs substrates. From the analysis of the diamagnetic shift of the
magnetoluminescence spectra, we estimate the total lateral electron and hole confinement energy to be 43 meV.
The exciton radius is deduced as 5 nm. The exciton binding energy in such a quantum dot system is estimated
to be;31 meV based on trial wave-function calculations of the actual dot system.@S0163-1829~96!07623-0#

I. INTRODUCTION

Self-assembled quantum dots1–4 ~QD’s! formed in highly
strained semiconductor heterostructures show very strong
zero-dimensional~0D! quantum confinement effects with
d-function-like density of states.5–7 Highly strained layer
systems result in what is known as Stranski-Krastanov8

growth, where growth starts two dimensionally, but after a
certain critical thickness is reached, islands are formed spon-
taneously, and a thin wetting layer is left under the islands.
In this process, the growth is interrupted immediately after
the formation of the islands and before strain relaxation and
misfit dislocations occur. Suchin situ formation of 0D quan-
tum dots results in high-quality defect-free materials. In ad-
dition, the coherent islanding and strain effects can produce
QD’s with a size uniformity within610%, which is very
promising for 0D quantum devices where the sharper density
of states is exploited.

In a strong 3D quantum confinement regime where the
characteristic radiusr 0 is approaching the bulk exciton Bohr
radiusaB , the strong confinement effects overcome the Cou-
lomb effects. The resulting spectra are very similar to those
obtained without excitonic effects.9 However, the Coulomb
attraction strongly enhances the oscillator strength and gives
rise to a divergent Coulomb shift;1/r as compared to the
size quantization effects;1/r 2.10,11 In this paper we study
magnetoluminescence to investigate the relative importance
of quantum confinement and Coulomb effects in self-
assembled quantum dots.

II. EXPERIMENTAL RESULTS

The self-assembled dot layer is pseudomorphically grown
by MBE on a~100! GaAs substrate, and the QD’s are formed

by the coherent relaxation into islands of a few monolayers
of In 0.55Al 0.45As between Al0.35Ga0.65As buffer and cap lay-
ers. These compositions were chosen to obtain large direct
band gaps for the AlxGa12xAs layers, and to raise the band
gap in the QD layers without undergoing the indirect transi-
tion for InxAl12xAs ~the direct-indirect transition corre-
sponds to 68% Al in InxAl 12xAs ternary alloy!. From TEM
plan-view and cross-sectional measurements, the QD diam-
eter, thickness, and density were measured. A narrow normal
distribution of 2r517.962.1 nm was found for the diameter
with a density of;200mm22 and a thickness to diameter
ratio of;0.18. A detailed account of the growth and general
photoluminescence~PL! properties of these QD’s has been
published previously.12,13 The magnetic fields were gener-
ated with a pulsed magnet and PL spectra at 4.2 K were
detected using an optical multichannel analyzer system,
where the PL spectra were obtained by use of an Ar1 laser
light with a wavelength of 514.5 nm.14 The pulse duration of
the magnetic field was 10 msec and its variation during the
measurement was within63% at the top of the pulsed mag-
netic field. Both Faraday (BiZ) and Voigt (B'Z) geom-
etries with light propagating along theZ ~growth! direction
were used in the present magneto-PL measurement.

Magneto-PL spectra up to 40 T are plotted in Fig. 1. The
high-energy peak at 1.994 eV is the luminescence from
Al0.35Ga0.65As buffer and barrier layers while the low-energy
broad peak at 1.894 eV is from In0.55Al 0.45As QD’s.

15 The
broad peak with FWHH~full width at half height! of 46 meV
is typical of the case where a large number of QD’s were
probed. It reflects the statistical distribution of ground-state
energy levels of individual dots with slightly different con-
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fining potentials. PL from individual quantum dots can be
observed when only a small number of QD’s are probed.6

The PL peak positions for both configurations are plotted as
a function of magnetic field in Fig. 2. As shown in this
figure, the bulk PL peak shifts for Al0.35Ga0.65As are almost
equally independent of the two configurations in all the mag-

netic field regions. In the low-field region (B, 15 T!, the PL
peak positions are diamagnetically shifted with the diamag-
netic coefficient of 1662 meV/T2. With increasing mag-
netic field, the cyclotron energy associated with the magnetic
field overcomes the Coulomb energy of electron and holes.
At this point, the peak energy shifts linearly and becomes
parallel to the first Landau level of electron and hole
transitions.16 From the low-field quadratic diamagnetic shift,
the exciton binding energy for this 3D Al0.35Ga0.65As mate-
rial can be derived as 8.1 meV, in excellent agreement with
simple effective-mass approximations.

The effective exciton confinement in quantum dots can
also be revealed by studying the PL shifts of the QD’s. As
expected, the PL peak shifts of QD’s are clearly dependent
on the two field configurations, since the geometrical lengths
of the QD’s are very different. In bothBiZ andB'Z con-
figurations, the PL peak shifts quadratically up to 40 T with
coefficientsb of 8.560.9 and 2.660.4 meV/T2, respec-
tively, demonstrating the stronger confinement effects and
Coulomb attraction between electrons and holes. In addition,
it confirms the anisotropic shape of QD’s along the growth
and lateral directions. In QD magnetoluminescence at low
fields, the magnetic field can be treated as a small perturba-
tion. Then, the diamagnetic energy shift can be expressed as
DE5bB2 with b5e2^r2&/8m.17,18 For In0.55Al 0.45As the
exciton reduced mass is taken as 0.0647m0 . Based on the
experimentally determined diamagnetic shift, the average ef-
fective exciton radiusA^r2& in these QD’s is estimated to be
5 nm, smaller than the QD radius of;9 nm as given above.
Note that in an ideal 2D In0.55Al 0.45As QW, the in-plane
exciton radius isA3/8aB5 6.4 nm with 3D exciton Bohr
radiusaB510.4 nm. The above analysis shows the truly 0D
quantum confinement in the system, which squeezes the ex-
citon wave function beyond its 2D limit. It should be noted
that the lateral quantum confinement rather than the electron-
hole correlation effect shrinks the exciton asr decreases.10

III. DISCUSSION

In order to interpret the experimental results in the high-
magnetic-field region, where the Coulomb interaction can be
approximately neglected, the following parabolic potential is
employed as the in-plane confining potential:

V5 1
2 me*vr

2r2.

Here the contribution by holes is assumed to be small and
neglected because of their large effective mass (; 0.4m0).
The electron effective mass in In0.55Al 0.45As is 0.076m0 .
When the magnetic field is applied perpendicular to the QD
plane, the ground-state energy shift is represented as
follows:19

DE5 1
2 \Avc

214vr
2,

wherevc5eB/me* is the electron cyclotron frequency. By
fitting the above equation to the experimental data~see Fig.
2, BiZ curve of In0.55Al 0.45As!, the lateral confining poten-
tial is estimated as\vr;43 meV. Assuming a cylindrical
quantum disk with infinite potential barrier, the electron con-
finement energy is Ee5\2k10

2 /2me*;37 meV. Here
k10r52.4048~the first node of zero-order Bessel function!.

FIG. 1. Magneto-PL spectra of In0.55Al 0.45As self-assembled
quantum dots under both Faraday (BiZ) and Voigt (B'Z) configu-
rations. Note that PL from bulk Al0.35Ga0.65As material was satu-
rated in high magnetic fields. However, the peak can still be deter-
mined accurately.

FIG. 2. Photoluminescence peak positions from QD’s and bulk
material as a function of magnetic field. The solid line is a parabolic
curve fitting to the peak positions, from which the diamagnetic
coefficients were determined.
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This value is slightly smaller than\vr . This may be due to
the hole confinement energy, which is neglected in the fitting
of experimental data. In fact, in the model of infinite poten-
tial barrier, the lateral hole confinement can be calculated as
Eh;4 meV. Therefore, the total confinement energy is
Ee1Eh;41 meV, very close to the experimental value~43
meV!. Other factors influencing the confinement energy in-
clude the assumption of parabolic potentials, the difference
between the actual cross-section shape of self-assembled
quantum dots, and the cylindrical quantum disk model em-
ployed here. Nevertheless, the cylindrical quantum disk
model with infinite potential seems to give a reasonable ac-
count of confinement energies in self-assembled quantum
dots.

To estimate the exciton binding energy, we adopt a varia-
tional approach20 to calculate the ground-state energy and
its eigenfunction. We consider an isolated cylindrical
In xAl 12xAs disk of radiusr and heighth embedded in an
infinitely larger AlxGa12xAs crystal. The effective Hamil-
tonian reads

H52
\2

2me*
¹22

\2

2mh*
¹h
22

e2

4pe0e r~re2rh!
1Ve~re!

1Vh~rh!.

Ve(re) andVh(rh) are the electron and the hole well poten-
tial arising from the band offset of QD’s and cladding layers.
To be more realistic with the actual QD system and to esti-
mate accurately the exciton binding energy, we choose the
following finite potential barrier:

Vi~r i !5ViQ~r i2r !Q~ uzi u2h/2!,

with i5e,h. HereQ(x) is the step function@Q(x)51 if
x.0 andQ(x)50 if x,0#. ze andzh are the electron and
hole coordinates along the cylinder axis chosen as thez axis,
and re and rh are the electron and hole coordinates in
the plane perpendicular to the cylinder axis. For
In 0.55Al 0.45As-Al 0.35Ga0.65As strained heterostructures, the
total heavy-hole band offset isDEg5430 meV~the light hole
has a type-II band alignment!. From the model-solid theory

of Van de Walle,21 we calculate the conduction-band offset
asQc;60%. The trial wave function is chosen as

Ceh5ce~re ,ze!ch~rh ,zh!ceh~reh ,uze2zhu!,

where the product functioncech describes the confinement
of uncorrelated electron-hole pair andceh describes the in-
ternal motion of the exciton. To avoid the occurrence of
fourfold integrals, which leads to heavy numerical
computations,22 we choose a simplified trial function for the
internal motion of the exciton:

ceh~reh ,uze2zhu!5expS 2
reh
a DexpS 2

uze2zhu2

l2 D .
Herea,l are variational parameters, which are determined
by minimizing the system eigenenergies^E(a,l)& of Hamil-
tonianH. To study the influence of confinement on the Cou-
lomb interaction, we define the exciton binding energy as

EB5Ee1Eh2^E~a,l!&.

Ee and Eh are uncorrelated electron and hole confinement
energies, respectively. The detailed mathematical formula
has been shown in Ref. 20. Here the numerical results are
presented. Figure 3~a! shows the exciton binding energy as a
function of disk heighth for different disk radiusr . Here we
choose the effective exciton Bohr radiusa*54pe0e r\

2/
me25104 Å of the 3D In0.55Al 0.45As exciton for the unit of
length and the effective ground-state RydbergR*
5e2/8pe0e ra*55.45 meV for the unit of energy. In
In0.55Al0.45As QD’s studied here, the disk height and radius
are 0.31a* and 0.86a* , respectively. It should be noted that
the trial function proposed here reproduces the 2D case very
well for large disk radius (r.7a* ) where the lateral con-
finement is negligible. For the In0.55Al 0.45As dots studied
here, the quantum disk height should be 0.31a* with a disk
radius of 0.86a* . The exciton binding energy is estimated as
5.8R*' 31 meV. The effective exciton radiusA^r2& is plot-
ted in Fig. 3~b! for a r50.86a* QD by using the same trial
function. For our In0.55Al 0.45As quantum dots, the effective
exciton radiusA^r2&' 0.43a*54.4 nm is close to the value
~5 nm! derived from experimental diamagnetic shift. There-

FIG. 3. ~a! Normalized exciton binding en-
ergy as a function of normalized quantum disk
height for different disk radii.~b! The effective
exciton radius as a function of quantum disk
height for its radius ofr50.86a* . The normal-
ization parameters are the 3D exciton Bohr radius
a* and ground-state effective RydbergR* . The
vertical dotted line indicates the quantum disk
height in InxAl 12xAs QD’s.
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fore, our results should closely reproduce the experimental
diamagnetic shift in Fig. 2 based on a first-order perturbation
theory.

Our simplified model agrees reasonably well with more
sophisticated calculations assuming different confining
potential23 or different shape of the quantum disk.10 For ex-
ample, from Fig. 5 of Ref. 10 the ratio of exciton binding
energy to the confinement energy should be;0.7 for a
20-nm2 disk. This value is close to our results of
EB /(Ee1Eh)50.72.

IV. CONCLUSION

We have studied the magneto-PL spectra of
In 0.55Al 0.45As self-assembled quantum dots and derived

many fundamental excitonic parameters. The results demon-
strate clearly the 3D quantum confinement effects with en-
hanced exciton binding energy. The superior structural qual-
ity ~narrow size distributions and defect-free materials! and
enhanced optical properties~high exciton binding and strong
quantum confinement! promise a new generation of 0D low-
threshold semiconductor lasers and other optoelectronic de-
vices.
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