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We have observed a direct correlation between nonspherical shape and polarization anisotropy of optical
transitions in quantum dots. The dots, grown by self-assembling during epitaxial deposition of InAs on
GaAs(311)A, exhibit a nonconventional, faceted, arrowheadlike shape aligned in the@2̄33# direction. The dot
photoluminescence emission is partially ('13%) polarized along the same@2̄33# direction. The presence and
the sign of the emission polarization is in agreement with the predictions of a theoretical model. Full morpho-
logical and optical characterization is reported.@S0163-1829~98!52712-9#

The quest for high performance optoelectronic devices
has led to a growing interest in zero-dimensional heterostruc-
tures @or quantum dots~QDs!# that exhibit atomiclike elec-
tronic characteristics. Due to wave-function localization ef-
fects, the electronic levels of QDs become quantized thus
concentrating the oscillator strength ond-like transitions.

The possibility of realizing such objects during epitaxial
deposition of strained layers~Stranski-Krastanov growth!
has been investigated in recent years.1–5 This method re-
quires a moderate lattice mismatch~2–8 %! between the QD
material and the substrate and allows for the formation of
dislocation-free QDs.

Key design parameters for QDs include size, shape, den-
sity, and spatial arrangement. After choosing the material
system that allows QD formation, design flexibility is limited
by the growth physics, usually determined by the tempera-
ture and growth rate of the epilayer. An alternative approach
to influence the growth mode is to use high Miller index
surfaces.6–11 These provide different chemical potentials for
the deposited species and thus affect the kinetics of adsorp-
tion, migration, and desorption. Besides, the particular sub-
strate orientation and reconstruction determines the strain re-
laxation mechanism. These effects have a large impact on the
range of achievable island shapes, sizes, and ordering.12,13

The electronic levels are, in turn, determined by the QD
shape and size: the correlation between design parameters,
electronic structure, and optical properties is one of the main
focuses of research in QD physics.

We have obtained self-assembled InAs QDs of highly
nonconventional shape by using a GaAs(311)A substrate.
Opposite to the QDs grown on~100! surfaces, where the
shape ranges from round domes to square based pyramids,
the (311)A dots display an arrowheadlike faceted shape. The
arrow orientation is ordered and points along the@2̄33# di-
rection, which is related to a corrugation of (311)A surfaces.

We point out that there is a strict mutual relation between
the nonspherical shape and the optical response in QDs. We
will show that such an effect is due to the important role of
valence-band degeneracy and valence-band mixing on the
QD electronic wave function, which should not be omitted in
electronic structure calculations. An adequate theoretical
model was therefore developed, taking into account both sur-
face orientation and shape anisotropy effects.

Shape anisotropy effects on the QD electronic properties
are investigated here by measuring the polarization depen-
dence of the optical transitions. We have found that the PL
emission originating from QDs is preferentially polarized
along the same@2̄33# direction of the arrow tips. This result
is in agreement with the prediction of our theoretical model.
In addition to the fundamental interest for electronic struc-
ture and optical properties, the realization of a~partially!
polarized light emitter might lend itself to applications in
polarization-sensitive devices.

The sample under investigation was fabricated by mo-
lecular beam epitaxy deposition of InAs on liquid encapsu-
lated Czochralski semi-insulating (311)A 60.5° GaAs sub-
strate using a Varian Gen-II system. Simultaneously,
identical structures were grown for comparison on a~100!
60.5° GaAs substrate. The grown structures consisted of the
following layers, in order of growth from the substrate: a 0.3
mm thick undoped GaAs buffer followed by a 15
3(3.8 nm Al0.33Ga0.67As13.4 nm GaAs) superlattice, a 0.2
mm undoped GaAs,'131015 InAs molecules cm22 ~cor-
responding to 1.8 InAs monolayers on the reference sample!,
and a 30 nm undoped GaAs capping layer. The growth tem-
perature was 630 °C as monitored by a pyrometer, except
during the growth of InAs and capping layer when the tem-
perature was lowered to 500 °C. The growth rates are one
monolayer per second~ML/s! for GaAs, 0.5 ML/s for AlAs,
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and 0.066 ML/s for InAs. After growth, the epitaxial surfaces
were examined, using a Nomarski phase-contrast optical mi-
croscope and were found to be mirror smooth and nearly
defect free. The size and density of InAs quantum dots were
estimated by scanning tunneling microscope~STM! from
samples of the same design but with the growth terminated
after depositing the InAs layers. In addition a 0.5mm Si-
doped GaAs layer, doped to a level of 531017 cm23, was
grown before the growth of InAs quantum dots in order to
provide the necessary carrier conduction for the STM experi-
ment. For these samples, following growth of the InAs/GaAs
structures, a protective amorphous As layer was deposited.
The sample was then transferred, through air, to the UHV
~STM! system. After degassing at 200 °C overnight, the pro-
tective As capping layer was thermally desorbed at 300 °C. It
should be noted that, for all samples, there was no change in
surface morphology following subsequent anneals up to a
temperature of 350 °C.

Photoluminescence~PL! spectra were obtained in the
2–70 K range. The PL was excited with an Ar1 laser, with
power density in the range 1 – 1100 W cm22. The spot diam-
eter was in the range 100 to 400mm. Luminescence spectra
were measured with both a Fourier transform spectrometer
operating with an InxGa12xAs photodetector and a single
grating monochromator with a cooled Ge detector. The po-
larization measurements were performed on the PL emitted
normal to the surface via a Polaroid near infrared polarizer at
the entrance slit of the grating monochromator and were cor-
rected taking into account the system’s optical response to
polarized light.

Figure 1 shows representative STM images of GaAs~100!
and (311)A samples: there are clear differences in the size,
shape, and distribution of the InAs islands on the two sub-
strates. While QDs grown on the~100! show the usual~for
low coverage! isotropic, domelike shape, it is quite clear that
the (311)A islands have a considerably more anisotropic and
well developed faceted shape. The (311)A dot shape is ar-
rowheadlike, and the dots are preferentially aligned along the
@2̄33# direction. This shape was checked not to be a STM tip
artifact by scanning in orthogonal directions and by compari-
son against atomic force microscopy.

The ~311! surface of GaAs has been shown to be corru-
gated with the formation of ‘‘channels’’ along the@2̄33# axis
and a lateral periodicity of 3.2 nm along the@011̄#
direction.14,15 The corrugation arises during epitaxial growth
and is stable down to 300 K: it is associated to the breakup of
the ~311! surface into~331̄! and~3̄13̄! facets, which form an
angle of about 81°. Although the exact value of the step

height is debated,14,15the corrugated morphology is undoubt-
edly due to the lower energy of the~331! @compared to
the ~311!# surface, as indicated also by tight-binding
calculations.16 Lattice matched, weakly strained materials, or
relaxed epilayers~e.g., AlAs, InxGa12xAs or thick InAs ep-
ilayers! grown on the corrugated surface exhibit a lateral
patterning with spatial periodicity along@011̄#,17,18 while the
presence of strain due to a pseudomorphic InAs layer has
been shown to suppress the corrugation.19 Thus the scenario
of QD formation is as follows: the pseudomorphic InAs wet-
ting layer restores a flat surface, but, since in the present
InAs dots the strain is partly relaxed,20 the energetics of the
InAs surface is such that breakup into~331̄! and~3̄13̄! facets
become favorable once again. This results in faceted InAs
dots elongated along the@2̄33# direction. Thus the combina-
tion of surface energetics@which makes the (311)A surface
unstable# and partial residual strain in the InAs dots leads to
the formation of self-organized dots with highly nonconven-
tional shape.

The size distribution of the two samples, as determined
from multiple STM images, is markedly different. The
GaAs~100! sample shows a narrow distribution both in lat-
eral and vertical size, while the GaAs~311!A sample has a
much broader and multimodal distribution of sizes.12

For low excitation power density the PL line shape is
determined by inhomogeneous broadening: PL spectra of
these QD samples taken at 2 K with 1 W cm22 excitation
power density~Fig. 2! roughly reflect the corresponding size
histograms. The (311)A multimodal distribution of sizes
gives rise to the structured PL spectrum of this sample, while
the GaAs~100! sample displays a single Gaussian peak~not
shown! at 1.22 eV with a full width at half maximum
~FWHM! of 60 meV. The integrated intensities of the two
samples are comparable. In order to exclude band filling phe-
nomena, which may affect PL spectral shape, the linearity of
the PL intensity with the excitation power density has been
tested, at 2 K, from 1 to 1100 W cm22. Deviation from lin-
earity starts at 100 W cm22, where an additional PL line at

FIG. 1. STM pictures (2003200 nm2) of InAs/GaAs QD’s
grown on~100! ~a! and (311)A ~b! surfaces.

FIG. 2. Upper panel: difference between the spectrum taken at
1 W cm22 excitation power density and spectra taken at higher ex-
citation powers, normalized at 1.25 eV. Lower panel: photolumi-
nescence spectra measured at 2 K using different excitation power
densities. In both panels 1100 W cm22 ~continuous line!,
280 W cm22 ~dotted!, 100 W cm22 ~dashed!, 10 W cm22 ~dash dot-
ted!, and 1 W cm22 ~short dotted!.
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1.37 eV~FWHM of 40 meV! begins to appear~Fig. 2!. Fol-
lowing Grundmannet al.21 we attribute this peak to the
emission from an excited-state transition. The energy sepa-
ration between this new transition and the one associated
with recombination from dot ground states is of the same
order ~70 meV! as the reported value for GaAs~100! QDs.21

The integrated intensity, for both~100! and (311)A samples,
does not depend on temperature in the 2–70 K range.

PL polarization measurements were performed in the lin-
ear response regime with an exciting spot diameter of 400
mm. No PL polarization anisotropy was observed on the
~100! reference sample. On (311)A the maximum intensity
was reached at the detector when the Polaroid analyzer was
parallel to the@2̄33# direction~Fig. 3!, the same direction of
the arrow QD tips. The fraction of light polarized along
@2̄33# was r5(I [2̄33]2I [011̄] )/(I [2̄33]1I [011̄] )50.1360.02,
whereI [2̄33] andI [011̄] are the integrated PL intensities along
the two orthogonal directions@2̄33# and @011̄#, respectively.
No noticeable temperature dependence of the polarization
ratio has been observed in the 2–70 K range.

The size dependence of the emission polarization, being
the PL linewidth dominated by inhomogeneous broadening,
can be evaluated by looking at the energy dependence of the
polarization ratio. No clear evidence of any size dependence
has been observed. In fact, although the high-energy PL
component of the spectrum has a mean polarization ratior of
(263)% higher than the low-energy component, the large
standard deviation of the results gives to the null hypothesis
~in this case no dependence on size of the PL polarization! a
significance level as high as 15%. Thus a size dependence, if
any, is very weak.

An explanation of the observed polarization anisotropy
requires the consideration of the nonspherical QD shape as
well as of the degeneracy of the valence bands in bulk III–V
semiconductors. The valence-band top derived from atomic,
p orbitals, when subject to quantum confinement in a non-
spherical symmetry, gives rise to hole levels with strongly
anisotropic charge distribution, which in turn produces
polarization-dependent transitions to thes-like conduction
band. Such effects have been thoroughly studied for quantum
wells and quantum wires grown along conventional symme-
try directions22 or along ~311! ~Ref. 23! and more recently

invoked for explaining polarization memory effects in po-
rous silicon nanocrystals.24 In the latter, however, the intrin-
sic random orientation of the nanocrystals prevents a direct
observation of the correlation between spatial anisotropy and
optical polarization properties.

A theoretical model should be based on a multiband
envelope-function formalism in which the hole dynamics is
treated by the Luttinger Hamiltonian27 and the elongated
shape of the (311)A QDs is taken into account. We have
studied the polarization anisotropy in a model of rectangular
quantum dots with infinite barriers for both conduction and
valence bands; the hole levels are calculated for an arbitrary
orientation of the QD sides with respect to the crystallo-
graphic axes, by expressing the Luttinger kinetic matrix in a
rotated coordinate system and expanding the four-component
spinors in a complete basis of confined wave functions along
the three QD axes. This model~which will be presented in
detail in a separate publication25! is adequate for describing
the changeof optical matrix element with polarization vec-
tor; we take realistic dot sizes~typically 20 nm along the
@2̄33# axis and 5 nm in the perpendicular plane! and sum
over the transitions within our linewidth of few tens of meV.
For cubic QDs we obtain an isotropic oscillator strength; on
the other hand for a QD with dimension along@2̄33# much
larger than along the two perpendicular directions, we obtain
a ground state which is light-hole-like, i.e., preferentially po-
larized along@2̄33# with an anisotropy ratior50.6:26 this
has the same sign as in our experiment. In this limiting case
of a quantum wire with the main axis along@2̄33# our results
are similar to those of Li and Xia.28–30 The real situation is
clearly intermediate between the two limiting cases of a cu-
bic quantum box and a very elongated QD along@2̄33#;
therefore the observed polarization ratio (r50.13) agrees
with the theoretical expectations. Moreover, we find that the
polarization ratio does not depend on a uniform scaling of
QD size, again in agreement with the observations.

In conclusion, we have demonstrated that growth on a
(311)A surface produces self-assembled QDs with different
shape and optical properties. Due to a strain relaxation
mechanism presumably governed by the energy balance be-
tween surface free energy and strain, the dots acquire an
arrowheadlike shape pointing in the@2̄33# direction. These
QDs act as polarized emitters, with a noticeable fraction
~'13%! of the total intensity polarized along the@2̄33# di-
rection. These results are in agreement with the theoretical
model here developed for taking into account both surface
orientation and shape anisotropy effects. No clear depen-
dence of the polarization effect on the size has been ob-
served, as expected by theory.

As a concluding remark, one of the leading effects of the
anisotropic QD shape is to break the inversion symmetry in
the surface plane of the localized electronic wave function.
Such an effect, together with the predicted enhanced nonlin-
ear optical properties,31,32 make these dots promising candi-
dates for second-harmonic generation.
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FIG. 3. Photoluminescence spectra measured at 10 K, collecting
light polarized along the@2̄33# ~dotted line! and@011̄# ~continuous!
lattice directions.
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6R. Nötzel, J. Temmyo, and T. Tamamura, Jpn. J. Appl. Phys.,
Part 233, L275 ~1994!.
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