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The epitaxial growth of quantum rods �QRs� on GaAs was investigated. It was found that GaAs
thickness in the GaAs/InAs superlattice used for QR formation plays a key role in improving the QR
structural properties. Increasing the GaAs thickness results in both an increased In compositional
contrast between the QRs and surrounding layer, and an increased QR length. QRs with an aspect
ratio of up to 10 were obtained, representing quasiquantum wires in a GaAs matrix. Due to modified
confinement and strain potential, such nanostructure is promising for controlling gain polarization.
© 2008 American Institute of Physics. �DOI: 10.1063/1.3032544�

I. INTRODUCTION

Due to unique quantum confinement properties, semi-
conductor quantum dots �QDs� have attracted considerable
interest in the past two decades. They have been extensively
studied and successfully utilized in electronic and optoelec-
tronic devices. For example, development of QD semicon-
ductor optical amplifier �SOA� brings promising characteris-
tics such as broadband amplification, high saturation output
power, and ultrafast response.1 However, the optical gain in
the QD SOAs is polarization sensitive, which limits their
applicability in fiber communication. Recently, it was sug-
gested that this polarization sensitivity could be substantially
reduced by employing columnar QDs.2–9 Columnar QDs
with aspect ratio of as large as �4 were previously obtained
by this technique.9 In these elongated nanostructures, which
may be more appropriately termed quantum rods �QRs�, the
main quantization axis of the QRs is changed as compared to
conventional QDs. Due to modified confinement and strain
potential, the QRs can be used to control the gain polariza-
tion. Improved polarization properties were evidenced by
photoluminescence �PL� and electroluminescence
measurements.2,5,6 In electroluminescence measurements on
the QRs with an aspect ratio of 3.5, below threshold, a trans-
verse magnetic �TM�/transverse electric �TE� ratio of 0.8 has
been achieved, far larger than that of the conventional QDs
�about 0.1–0.2�.6 However, above threshold, lasing is still
TE-polarized, indicating a still dominantly heavy-hole char-
acter of the valence-band ground state. Recent calculations
show that the strain from the two-dimensional �2D� InGaAs
layer surrounding the QRs is responsible for this.10 Increas-
ing the In compositional contrast between the QR �xQR� and
the 2D layer �x2D�, while keeping or further increasing the
aspect ratio, is needed to favor TM gain and lasing. In our

previous experiments,6 xQR=0.35 and x2D=0.16, which are
insufficient to achieve dominant TM gain. Lowering the x2D

would be particularly beneficial for enhancing the TM gain.
Indeed, for obvious symmetry reasons, QRs embedded in
GaAs would have a TM-polarized dipole.4 However, de-
creasing the x2D and simultaneously keeping the formation of
the QRs is very difficult. A compromise must be found. In
this paper, we report the growth of QRs with improved struc-
tural properties. QRs with an increased In compositional
contrast �xQR /x2D�3�, along with a large aspect ratio of up
to 10, were obtained, which enable the realization of TM-
polarized lasers.

II. EXPERIMENTAL PROCEDURE

The samples were grown by molecular beam epitaxy
�MBE� on �001�-oriented GaAs substrate. The QRs were
formed at the growth temperature of 500 °C by depositing a
1.8 ML InAs QD seed layer and a short period GaAs/InAs
superlattice �SL�.2,7 After growth of each InAs layer, a
growth interruption of 5 s was applied in order to make the
QR size distribution more uniform. The growth rates of
GaAs and InAs were 0.7 and 0.1 ML/s, respectively. The
samples were completed by a 100-nm-thick GaAs cap. Dur-
ing the growth, the QR evolution was monitored in situ by
reflection high-energy electron diffraction �RHEED�. For
high-quality QR growth, alternative appearance of streaky
diffraction rods and chevrons related with GaAs and InAs
layer must be observed.3,7,8 After growth, the structural and
optical properties of the samples were characterized by trans-
mission electron microscopy �TEM�, high resolution x-ray
diffraction �HRXRD�, and room temperature PL measure-
ments.

III. RESULTS AND DISCUSSION

In order to decrease the x2D of the 2D InGaAs layer
surrounding the QRs, we recall that this layer is made from
GaAs/InAs SL.2,7,9 The x2D can be roughly estimated by
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dInAs / �dInAs+dGaAs�, where dInAs and dGaAs are the InAs and
GaAs thicknesses in the SL, respectively. By using this rela-
tionship, the expected dependence of the x2D on the GaAs
thickness is plotted as lines in Fig. 1 for different InAs thick-
nesses. The x2D strongly depends on the GaAs and InAs
thicknesses. Decreasing the InAs thickness or increasing the
GaAs thickness decreases the x2D. However, varying only
one thickness in a wide range is impractical, as the InAs and
GaAs thicknesses required for high-quality QRs are strongly
related. This is based on the fact that the critical thickness of
a subsequent InAs layer grown on an embedded InAs QD
layer strongly depends on GaAs thickness.11,12 Due to the
weakened effects of the strain field created by the seed QD
layer,13 the critical thickness of the InAs layer increases as
the GaAs thickness increases. As mentioned, for high-quality
QR growth, alternative appearance of streaky diffraction rods
and chevrons should be observed during the growth.3,7,8 To
satisfy such conditions, the InAs thickness for a given GaAs
thickness must be appropriately chosen. We determined the
optimized InAs thicknesses by growing a large number of
the QR samples with N=10 SL periods and under optimized
growth conditions.7 It was found that a small thickness de-
viation of about �8% results in QR size dispersion or 2D
growth of the SL. Figure 2 shows the optimized parameter
space �area within error bars� for high-quality QR growth.
The circles represent �dGaAs,dInAs� couples for which alterna-
tive appearance of streaky diffraction rods and chevrons can
be observed during the growth. From these samples, well-
defined and intense PL spectra were obtained �see, for ex-
ample, b in inset�. Points outside the shadow correspond to
thickness combinations for which either no QR formation
�triangle� was observed or large QR size dispersion �square�
results. The PL spectra measured from these samples are
shown in the inset �a and c�. The inferior optical properties of
the sample with lager InAs thickness �spectrum a� are attrib-
uted to the generation of dislocations due to plastic relax-
ation. The solid line in the figure is a guide to the eyes.
Therefore, the x2D decrease can only be realized by simulta-
neously changing both the InAs and the GaAs thicknesses.
As the optimum InAs thickness increases sublinearly with
GaAs thickness, we chose to decrease the dInAs / �dInAs

+dGaAs� by increasing the GaAs thickness, while adjusting
the InAs thickness to remain in the optimized parameter win-

dow shown in Fig. 2. The function of increasing the GaAs
thickness is twofold. It can help not only to decrease the x2D

but also to increase the maximum QR length, due to the
lower average strain in the system. However, for large GaAs
thicknesses, a short-range composition modulation related to
the cycled deposition mode might appear. The best example
is the growth of closely stacked InAs QDs, where distinct
InAs islands are observed13–15 and the electronic wave func-
tions become localized in the islands. In order to decrease the
x2D and simultaneously keep uniform QRs and delocalized
wave functions, an optimum thickness combination of GaAs/
InAs SL has to be found.

Figure 3 shows HRXRD curves, recorded near the �004�
GaAs, for a set of samples grown with the optimized
�dGaAs,dInAs� combinations shown as circles in Fig. 2. The
peaks on the high-angle side ��33°� correspond to the dif-
fraction from the GaAs substrate and the peaks on the low-
angle side ��32.2°� correspond to the composite diffraction
from the QRs and the InGaAs layer.7 With increasing GaAs
thickness, the low-angle peak systematically shifts to higher

FIG. 1. �Color online� Dependence of the x2D on the GaAs thickness, for
different InAs thicknesses. The data �circles� in the figure are experimentally
deduced from HRXRD measurements.

FIG. 2. �Color online� Optimized �dGaAs,dInAs� parameter space for QR
growth. The area within the error bars represents �dGaAs,dInAs� couples for
which alternative appearance of streaky diffraction rods and chevrons can be
observed during the growth. From these samples, well-defined PL spectra
can be obtained �experimental points are indicated as circles, PL spectrum b
in inset is an example�. The line is a guide to the eyes. Below the shadowed
region, no QR formation �triangle� is obtained, as confirmed by RHEED.
Above the shadowed region, QR size dispersion �square� results. The PL
spectra measured from these samples are shown in inset �a and c�.

FIG. 3. �Color online� HRXRD curves recorded near the �004� GaAs from
the samples with different GaAs/InAs SLs �N=10�.
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angles, indicating the decrease in the x2D. The In composi-
tion has been estimated by using dynamical XRD theory and
corresponds well to the simple estimation based on the InAs
and GaAs thicknesses in the SL �see Fig. 1�. The slightly
lower In composition deduced experimentally is probably
due to In atom migration from the InAs layer to the QRs.16

The decrease in the x2D was also confirmed by PL mea-
surements. Figure 4 shows normalized PL spectra of the
abovementioned samples. The dependences of the PL peak
wavelengths of the QRs and the 2D InGaAs layer on
dGaAs /dInAs ratio are summarized in the inset. With increasing
GaAs thickness, the short-wavelength PL peak related with
the InGaAs layer blueshifts, indicating a reduced In
composition,7 as expected �see the calculated data�. In con-
trast, the PL peak related with the QRs first redshifts and
then blueshifts with increasing GaAs thickness. The redshift
may result from increased xQR and/or increased QR length.9

According to theoretical calculations, any of the cases will
be highly beneficial for achieving TM-polarized gain.10 The
blueshift for the largest GaAs spacing values may originate
from the localization of the wave functions in a fraction of
the QR length due to short-range composition
modulation.9,15 The strongest PL emission and the longest PL
peak wavelength were observed from the sample with GaAs
�6 ML�/InAs �0.95 ML� SL. Such a thickness combination
yields x2D�12%, which is �3% lower than that of the
sample with GaAs �3 ML�/InAs �0.62 ML� SL. Increasing
GaAs thickness up to 12 ML can even bring the x2D down to
about 9%. However, the inferior optical properties and pos-
sible In composition modulation across the center of the QRs
make it less attractive.

To validate the feasibility of obtaining QRs with an in-
creased GaAs thickness, we focused on the growth of the QR
samples with GaAs �6 ML�/InAs �0.95 ML� SL. A set of
samples with different number of periods were grown. Fig-

ure 5 shows the PL spectra from these samples. As expected,
a PL redshift is observed for increasing period number, due
to wave function delocalization.7,9 For N�40, a strong de-
crease in the PL intensity occurs, which is attributed to plas-
tic relaxation as confirmed by HRXRD measurements. It was
found that a period number around 30 maximizes the PL
radiative efficiency. In order to confirm the QR formation,
TEM measurement on the sample with number of periods of
30 was performed. The inset shows the g= �002� dark-field
cross-sectional TEM image. The QR formation is clearly evi-
denced. However, a slight In composition modulation across
the center of the QRs is observed due to the increased GaAs
thickness. The in-plane diameter of the QR is about 5–7 nm
and the height of the QR is about 70 nm. These lead to an
aspect ratio of up to 10, far larger than those of the conven-
tional InAs QDs �about 0.5� and of the QRs with GaAs �3
ML�/InAs �0.62 ML� SL �about 4.1�.9 Actually, the structures
represent InGaAs quasiquantum wires embedded in a GaAs
matrix. The estimated x2D and xQR by TEM measurement17

are about 12% and 40%, respectively, confirming the results
from the HRXRD and PL measurements.

IV. CONCLUSION

In conclusion, we reported MBE growth of the QRs with
improved structural properties on GaAs. The GaAs thickness
in the GaAs/InAs SL used for QR formation plays a key role
in controlling the In compositional contrast between the QRs
and the 2D InGaAs layer. Increasing the GaAs thickness re-
sults in not only an increased In compositional contrast but
also an increased QR length, thus favoring the TM gain. QRs
with a length of about 70 nm and an aspect ratio of up to 10
were obtained. In fact, quasiquantum wires have been
formed. Such nanostructure is promising for controlling gain
polarization and is expected to open new opportunities for
novel devices.

FIG. 4. �Color online� Normalized room temperature PL spectra from the
samples with different GaAs/InAs SLs. Inset: dependences of the PL peak
wavelengths of the QRs and InGaAs layer on dGaAs /dInAs ratio. The calcu-
lated data �hollow circles� were obtained by solving the Schrödinger equa-
tion for a square potential well, where the In composition and InGaAs layer
thickness deduced experimentally from the HRXRD measurements were
used.

FIG. 5. �Color online� Room temperature PL spectra from the samples with
different number of periods in the SL. Inset: g= �002� dark-field cross-
sectional TEM image taken from the QR sample with a number of periods
of 30.
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