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We demonstrate the control of polarization and dipole moment in semiconductor nanostructures,
through nanoscale engineering of shape and composition. Rodlike nanostructures, elongated along
the growth direction, are obtained by molecular beam epitaxial growth. By varying the aspect ratio
and compositional contrast between the rod and the surrounding matrix, we rotate the polarization
of the dominant interband transition from transverse-electric to transverse-magnetic, and modify the
dipole moment producing a radical change in the voltage dependence of absorption spectra. This
opens the way to the optimization of quantum dot amplifiers and electro-optical modulators. © 2009

American Institute of Physics. [doi:10.1063/1.3269592]

The control of the electronic and optical properties of
semiconductor nanostructures is a formidable challenge, with
major impact on practical applications of nanophotonics.
While high-performance lasers, amplifiers, modulators, and
detectors, as well as single-photon sources, have been ob-
tained using epitaxial quantum dots (QDs), the Stranski—
Krastanow (SK) growth method typically used offers little
control over the QD shape and composition profile. This lack
of control has a direct influence on two key macroscopic
parameters; polarization and dipole moment. Indeed, SK
QDs typically have a flat shape. This results in an asymmet-
ric potential profile and in compressive strain, which both
push states with large light-hole component away from the
band-edge, producing a strongly in-plane polarized ground-
state transition."” This prevents the application of QDs in
in-line semiconductor optical amplifiers (SOAs), where po-
larization insensitivity is needed. Moreover, the In composi-
tion profile along the growth direction, resulting from the
complex interplay of nucleation and In segregation, deter-
mines the spatial localization of electrons and holes, and thus
the dipole moment, which is a key parameter for application
in electro-optical modulators. Dipole moments oriented both
parallel and antiparallel to the growth direction have been
observed in different types of QDs * but without a clear
correlation to the structural properties and thus with no pos-
sibility of control.

A better possibility of control of the vertical composrtron
profile exists in columnar quantum dots (CQDs),’ obtained
by depositing a short-period GaAs/InAs superlattice (SL) on
top of a seed QD layer. Selective adatom incorporation in the
strained areas on top of seed QDs results in a tall, In-rich
column within an InGaAs matrix. The CQD height, and the
In profile along the growth direction can then be controlled
by the GaAs and InAs layer thickness of the SL. While ear-
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lier generations of CQDs presented an approximately cubic
shape, recent growth optimization has allowed the increase
of the QD aspect ratio (height/diameter) >1.°" The obtamed
nanostructures are more similar to quantum rods'® than to
conventional QDs. The polarization of emission and gain
from CQDs has been shown to gradually evolve from
transverse-electric (TE) to transverse-magnetic (TM) as the
height is increased''™* but so far TM gain in SOAs has been
obtained only in the InAs/InP system,15 where strain com-
pensation in the barriers can be used to control the strain in
the QDs. Evidence of modified drpole moment in compres-
sive strain CQDs was also reported ® In this letter, we report
the electro-optical properties of a recent generation of InAs/
GaAs CQDs with much increased aspect ratio and composi-
tional contrast, leading to TM-dominant gain and lasing, and
a radical change in the dipole moment and electroabsorption
characteristics.

The CQDs were grown by molecular-beam epitaxy on
GaAs (001) substrates, with the following growth
sequence A 18 monolayer (ML) InAs QD seed layer is
first deposited, followed by a N-periods GaAs/InAs SL
(thicknesses dgyas and dy s respectively). The growth rates
of GaAs and InAs were 0.7 and 0.1 M L/s, and the growth
temperature was 500 °C. After growth of each InAs layer, a
growth interruption of 5 s was applied in order to make the
CQD size distribution more uniform. The In contents Xcqop
and X,p in the CQD and two-dimensional (2D) layer are
determined by the InAs and GaAs thicknesses (dp,s, and
dgaas) in the SL, and by the CQD formation process. We
recently reported]7 that dj,5s and dg,as can be varied in a
narrow parameter space to control the compositions, while
keeping a uniform CQD with high radiative quality. In par-
ticular, we are able to controllably tune X,p in the 12%—-16%
range by varying dp,as (dguas) in the 0.62-0.95 (3—6) MLs
range, while keeping Xcqp nearly constant. This control of
X,p in turn allows us to extend the rod height up to at least
70 I%rél, as compared to previously reported values around 40
nm."”

© 2009 American Institute of Physics
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FIG. 1. (Color online) X-STM image of a CQD with N=30 periods (0.95
ML InAs/6 ML GaAs) SL. The measurement was performed in constant
current mode with V=-3.3 V applied to the sample and current set at I
=32 pA. The bright areas correspond to In-rich areas which have an out-
ward relaxation proportional to the amount of In.

Cross sectional scanning tunneling microscopy (X-STM)
has been performed at room temperature on the CQDs with
N=30 periods (0.95 ML InAs/6 ML GaAs) SL. The STM is
performed in the constant current mode on samples cleaved

in the [110] or [110] plane under ultrahigh vacuum condi-
tions. The high applied voltages of around —3 V provide
sensitivity to topographic distortions such as outward or in-
ward relaxation, which in turn depend on the amount of
strain and thus on the composition. Figure 1 presents one of
the X-STM images, showing a rodlike structure which has a
height of 69 =5 nm and a diameter of 11.2*= 1.5 nm, close
to the average diameter of seven measured CQDs. Assuming
a uniform CQD composition and that the dot is cleaved
through the center, we estimate a Xcqp=40*5% from the
outward relaxation relative to that of the surrounding In-
GaAs. The x,p, of the InGaAs layer is estimated at 12 +2%,
in agreement with the value deduced by x-ray diffraction.

We investigated the polarization properties of CQDs
with different aspect ratio and compositional contrast. Active
regions comprising 3-5 CQD layers were embedded into
P-i-N heterostructures with AlGaAs cladding layers, for
waveguide and carrier confinement. The samples were pro-
cessed into ridge-waveguide structures with 10-20 um
width. All measurements were taken at room temperature
and electroluminescence (EL) was collected from the
cleaved facet. Figure 2 shows the TE and TM integrated EL
as a function of injection current, for the CQDs with (a) N
=18 periods (0.7 ML InAs/3 ML GaAs) SL; and (b) N=35
periods (0.95 ML InAs/6 ML GaAs) SL. In the insets, typical
transmission electron micrographs of the CQDs with corre-
sponding SL structures are shown. A clear change in domi-
nant polarization from TE to TM is observed upon changing
the aspect ratio from 1.2 to =10, and the average In compo-
sition X,p from 16% to 12%. The prevailing TM-polarized
emission in the N=35 sample clearly indicates a dominant
light-hole character of the valence-band ground state. De-
tailed calculations'®'? show that the composition ratio
Xcgp/Xop 18 a key factor for the polarization control, and
should be >3 to achieve a light-holelike ground state. The
control of x,p, is thus essential.

To further demonstrate TM-polarized optical gain, we
tested ridge-waveguide laser structures (3 mmX 11 wm)
under high injection. The active region is formed by three
stacks of CQDs with a N=35 periods (0.95 ML InAs/6 ML
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FIG. 2. (Color online) Normalized TE- and TM-polarized EL vs current
from the facets of 2 mm long ridge-waveguides containing: (a) five stacks of
CQDs with N=18 periods (0.7 ML InAs/3 ML GaAs) SL (ridge width:
23 um); and (b) three stacks of CQDs with N=35 periods (0.95 ML InAs/6
ML GaAs) SL (ridge width: 19 wm). Insets: (a) TEM image of a CQD with
N=16 periods (0.62 ML InAs/3 ML GaAs) SL; (b) TEM image of a CQD
with N=35 periods (0.95 ML InAs/6 ML GaAs) SL.

GaAs) SL, separated by 100 nm thick GaAs spacer layers.
The emission spectra measured just above threshold (at
1.1 kA/cm?) for the two polarizations are shown in Fig. 3,
while the TM-polarized light-current curve is reported in the
inset. The EL spectra are well distinct for TE and TM polar-
izations, with TM (TE) emission centered around 1190
(1140) nm. This confirms that the ground state transition in-
volves valence band states with large light-hole component,
while the states with large heavy-hole components are blue-
shifted by =40 meV. A clear lasing peak is observed in TM
polarization, at the peak of the TM amplified spontaneous
emission spectra, while the much lower TE peak is due to the
finite extinction ratio of the polarizer. The demonstration of
TM lasing is a clear evidence of TM-dominant gain in these
InAs/GaAs CQDs, which has never been reported before in
compressive strain material systems.
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FIG. 3. (Color online) Lasing spectra in TE and TM polarizations for CQDs
with N=35 periods SL (3 mmX 11 wm). All samples have three stacks of
CQDs spaced by 100 nm, and were measured at 20 °C. Inset: TM-polarized
light-current characteristics.
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FIG. 4. (Color online) Room temperature photocurrent spectra at various
reverse bias for CQDs with (a) N=18 and (b) N=30 periods SL.

We further investigated the dipole moment in different
CQD structures by studying the quantum-confined stark ef-
fect (CQSE) by waveguide photocurrent spectroscopy under
electric field. All measurements were taken at room tempera-
ture. For the lower aspect ratio CQD sample (N=18 periods)
in Fig. 4(a), the photoabsorption edge is redshifted with in-
creasing bias, the amplitude of the shift being enhanced as
compared to that of a conventional QD.? The number of
states in a larger dot is greater while the spatial separation of
electron and hole wave functions, determining their transi-
tion oscillator strength, change very rapidly with applied
field as the electrons are spread out over the entire dot vol-
ume. The oscillator strength of the lowest energy transition is
thus reduced with increasing field and the observed absorp-
tion becomes the result of higher-energy transitions, which
explains the broadening of the absorption edge in Fig. 4(a).
However, the sign of the shift is similar to the one observed
in a conventional QD (redshift for an electric field pointing
in the §r0wth direction), indicating a positive dipole
moment.

In Fig. 4(b), we observe a strikingly different behavior
for the larger aspect ratio CQD sample (N=30 periods). In
this case, a clear excitonic peak is observed, whose ampli-
tude peaks around 4 V. This behavior was also observed on
other CQD structures with larger aspect ratios. The fact that
the excitonic feature becomes stronger for increasing values
of reverse bias is due to the enhancement of the overlap of
the electron and hole envelope wave functions® indicating a
“mean” dipole moment value of different sign, i.e., negative,
than that of the lower aspect ratio CQD. The energy shift of

Appl. Phys. Lett. 95, 221116 (2009)

the photoabsorption edge is in this case less apparent due to
the varying amplitude of the excitonic absorption feature,
preventing a direct extraction of the dipole moment value.
The observed features clearly indicate that the sign and am-
plitude of the dipole moment can be controlled by the CQD
aspect ratio, opening the way to its nanoscale engineering,
with possible application to electro-optic modulators.

In conclusion, we have demonstrated how the combined
control of shape and composition of semiconductor nano-
structures can be used to manipulate their polarization and
electro-optical properties. By varying the aspect ratio and
compositional contrast between the CQD and its surrounding
matrix, we have obtained TM-polarized lasing and changed
the dipole moment in compressive strain material systems.
This type of nanoscale engineering will be a key tool for
practical applications of QDs.

We acknowledge financial support from the EU-FP6
Project ZODIAC (Contract No. FP6/017140) and the Swiss
National Science Foundation.
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