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Tuning of electronic coupling between self-assembled quantum dots
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Semiconductor self-assembled quantum dots (SAQDs) normally have zero-dimensional properties,
but become coupled and acquire higher-dimensional character if the distance between the dots is
small. Using photoluminescence spectroscopy under high hydrostatic pressure, we have obtained
clear evidence for electronic coupling due to quantum-mechanical tunneling in stacks of
InGaAs/GaAs SAQDs. We demonstrate that application of pressure allows controllable tuning and
suppression of the electronic coupling. The effect originates from a pressure-induced increase in the
effective mass of I'-electrons and a related increase in the interdot-barrier height. © 2005 American

Institute of Physics. [DOI: 10.1063/1.1995953]

Self-assembled quantum dots (SAQDs) are formed spon-
taneously when a layer of a semiconductor material such as
In(Ga)As is deposited on a material with a differing lattice
constant such as (Al)GaAs. Their small size (10—30 nm) re-
sults in fully quantized discrete spectra of strongly localized
electrons and holes with large interlevel spacing. As a result,
SAQDs provide a nearly ideal example of a zero-
dimensional semiconductor system. In addition, their high
optical efficiency due to the absence of internal defects pro-
vides enormous potential for device applications.l’2

If several layers of SAQDs are grown with spacer layer
thicknesses less than =20 nm, the dots in successive layers
are formed on top of the dots in the previous layer, forming
vertical stacks in the growth direction.” Stacks of SAQDs are
widely used, for example, as the active region of quantum-
dot lasers.* If the interlayer distance is large, dots in a stack
are isolated and zero-dimensional. However, if the distance
is sufficiently small, the dots become coupled. This may hap-
pen because the wave functions of individual dots in a stack
overlap due to quantum-mechanical tunneling, so that the
dots are coupled electronically.5 Another possible mechanism
of coupling is by means of strain fields which build up with
increasing number of SAQD layers. Coupling due to interdot
Coulomb dipole-dipole interaction, followed by a transfer of
electronic excitation® is also conceivable. Understanding the
mechanisms of interdot coupling and their relative contribu-
tion is important from the point of view of fundamental
properties of stacks of SAQDs, and is crucial when coupling
is employed in device design.

In this letter, we report an experimental investigation of
interdot coupling in stacks of SAQDs. The aim of the experi-
ments was first, to distinguish between the coupling mecha-
nisms and second, to modify the strength of the coupling in a
controllable way. For this purpose, we have employed the
technique of high quasihydrostatic pressure. Pressure pro-
vides a powerful tool to control the electronic properties of
semiconductor systems since it induces a large perturbation
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of the band structure. At the same time, structural properties
such as dot size and shape and the interdot distance are not
changed. As a result, coupling due to strain fields or the
Coulomb interaction is not expected to be sensitive to pres-
sure.

On the contrary, electronic coupling between the dots is
expected to be modified by pressure. There are two param-
eters that control the coupling of electron states of adjacent
dots in a stack; namely, the thickness and the height of the
potential barrier between the dots. (The height of the barrier
is defined as the energy separation between a size-quantized
level in the In(Ga)As dot and the conduction-band edge in
the GaAs matrix.) The major effect of pressure on III-V
semiconductors is to increase the band gap. For the GaAs
direct band gap, the pressure coefficient is 11.6 meV/ kbar.”
We have shown previously that for SAQDs, the coefficient is
about 20% smaller.®? Such a difference is likely to originate
from the strong nonparabolicity of the conduction band in
M-V semiconductors.'’ Due to nonparabolicity, the increase
in the band gap is followed by an increase in the effective
mass of electrons in the I'-valley of the Brillouin zone, which
decreases the size-quantization energy of electrons in the
dots and hence the pressure coefficient. As a result, applica-
tion of pressure increases the barrier height, so that the bar-
rier becomes less transparent to the electron wave functions.
Therefore, high pressure provides an opportunity to tune
electronic coupling between quantum dots.

Experimentally, coupling between zero-dimensional
quantum dots can be revealed by means of photolumines-
cence (PL) spectroscopy under varying pumping intensity.
Due to unavoidable variations in SAQD size and shape, the
PL line from the ground state of the dots is inhomogeneously
broadened. If the dots are isolated, all dots may be occupied
with photoexcited electrons and holes and contribute to the
emission with equal probability. In this case, increasing
pumping should result in an increase in PL intensity, but the
line shape and position should remain the same (as long as
the excited states are not filled). On the contrary, if the dots
are coupled, photoexcited electrons and holes relax to lower-
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FIG. 1. PL spectra from SAQDs for various excitation power densities
(indicated in W/cm? near the spectra) at ambient pressure: (a) 3 nm sample,
(b) control sample. Spectra are normalized and offset for clarity. The lines
which connect the peak maxima are guides to the eye.

energy delocalized states from which recombination occurs.
Higher-energy states may be filled and contribute to PL when
the pumping is increased. Therefore, in the case of coupled
dots, a blueshift of the PL line with increasing pumping is
expected.

A series of SAQD samples was grown by molecular-
beam epitaxy on GaAs (001) substrates. Each sample incor-
porated ten sequential layers of InysGagsAs quantum dots
that were separated by GaAs barrier layers and formed ver-
tical stacks. To form the SAQDs, 6-monolayer (ML) InGaAs
layers (1.8 nm) were deposited at a growth rate of
0.18 ML/s without growth interruption. The growth tem-
perature was 510 °C throughout. Investigations were per-
formed on a sample with barrier-layer thickness of 3 nm,
with a separate sample with barrier-layer thickness of 12 nm
being used as a control. High pressure was applied in a
diamond-anvil cell with Ar used as a pressure-transmitting
medium. The sample in the cell was placed in a He cryostat
with optical windows. PL spectra were excited by an Ar-ion
laser, dispersed by a single-grating spectrometer and re-
corded by a Si CCD detector. Pressure values P were mea-
sured using both fluorescence from a small ruby crystal and
emission from the GaAs exciton.

Figure 1 shows PL spectra from both the 3 nm sample
and the control sample at atmospheric pressure. The spectra
were recorded with varying excitation-power density W in
the range below 50 W/cm?, where emission from the SAQD
ground states dominates the spectra. For the 3 nm sample, a
significant blueshift of the line is observed with increase in
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FIG. 2. Blueshift of the PL peak from SAQDs in the 3 nm sample (open
circles) as a function of the excitation power density at various pressures,
which are indicated in kbar. The lines are guides to the eye. Data for the
control sample at the ambient pressure (solid circles) are also shown

W. By contrast, over the same range of W, the shift is neg-
ligibly small for the control sample. Note that within the
range of W employed, excited states in the dots are not filled
and there is only a minor change in the line shape. (Effects of
filling of the excited states were observed in the PL spectra
from both samples at higher values of W of
100-3000 W/cm?. In this case, a much stronger blueshift is
observed which is followed by a significant change in the
line shape.)

Following the discussion above, the observed blueshift is
indicative of delocalized states in the 3 nm sample, while in
the control sample, the SAQDs are apparently isolated. How-
ever, the ambient-pressure data do not provide sufficient evi-
dence to deduce the origin of the delocalization. Evidence
for the nature of the delocalization was obtained from PL
measurements under high pressure. PL spectra were recorded
with varying W in the same range below 50 W/cm? at fixed
values of P. We found that the blueshift of the PL line from
the 3 nm sample is dramatically affected by pressure. Figure
2 shows the relative positions of the PL peak as a function of
W for various pressures. With increasing pressure, the blue-
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FIG. 3. Blueshift of the PL peak from SAQDs when the pumping density
increases from 50 mW/cm? to 20 W/cm? as a function of pressure. Open
and solid circles are for the 3 nm sample and the control sample (12-nm
barriers), respectively. Dashed lines are guides to the eye.
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shift of the peak gradually becomes weaker. For P
>20 kbar, the blueshift for the 3 nm sample becomes simi-
lar to that observed for the control sample at ambient pres-
sure, the data for which are shown for comparison.

The evolution of the blueshift with pressure is sum-
marised in Fig. 3. The figure shows the magnitude of the
blue shift when W increases from 50 mW/cm? to 20 W/cm?
as a function of pressure. It can be seen that for the 3 nm
sample, the magnitude of the blueshift falls dramatically with
pressure. This provides a possibility to deduce the mecha-
nism giving rise to the delocalization. Mechanisms such as
strain-induced coupling or Coulomb-interaction-induced
coupling are not sensitive to hydrostatic pressure. Therefore,
our results provide unambiguous evidence for electronic cou-
pling between SAQDs, which occurs by means of tunneling
of electron wave functions through the barriers between the
dots in a stack.

Note that a small blueshift that is observed for the con-
trol sample does not depend on pressure and hence cannot be
related to electronic coupling. This observation shows that
the electronic coupling is suppressed at atmospheric pressure
for SAQD stacks with 12-nm-thick barriers. The observed
blueshift may be indicative of a relatively weak contribution
from other mechanisms of coupling, which were discussed
earlier. The same contribution may account for the nonzero
blueshift in the studied sample for pressures P>?20 kbar.

Our results demonstrate that application of pressure al-
lows tuning of the coupling strength in a controllable way.
As was discussed in the introduction, the electronic coupling
is suppressed by pressure because the tunneling barriers be-
come higher and hence less transparent to the electron wave-
functions. A sufficiently high pressure leads to quenching of
the coupling.

Our results thus agree qualitatively with our expecta-
tions. To test the conclusions more quantitatively, we ap-
proximated the stacks with a multiple-quantum-well poten-
tial in the growth direction. The energies of coupled ground
states of the dots in the stack were obtained by solving the
one-dimensional Schroedinger equation numerically. For
stacks with parameters similar to the ones for the 3 nm bar-
rier sample, the estimates give significantly (3-5 times)
larger values for the coupling energies and hence the blue-
shift than those observed in experiment. However, it is im-
portant to note that in other calculations published so far for
similar samples, coupling ener%ies from several tens up to
100 meV have been predicted.1 % In addition, reported ex-
perimental data provide lower values in the range from sev-
eral tens of meV'"> down to fractions of an meV.'® These
discrepancies demonstrate that the coupling strength is very
sensitive to details of the sample structure. As an example, it
is particularly sensitive to the dot height. Note that a cou-
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pling energy of less than 1 meV was reported for stacks of
6-nm-high dots (with the barrier height of 360 meV).'® Ac-
cording to our estimates, variation in the dot height from
2 to 6 nm will result in a 5-6 times decrease in the coupling
energies for the same values of the barrier height and width.
(The effect happens because in taller dots, the electron wave
function is more strongly localized.) This example illustrates
one of the possible reasons for the relatively modest quanti-
tative agreement between theory and experiment, even
though the qualitative behavior is well understood. For a
definitive conclusion, detailed theoretical investigations as
well as full microscopic information on the structural param-
eters of the stacks are required.

To conclude, we have obtained experimental evidence
for electronic coupling between self-assembled quantum dots
in vertical stacks. The magnitude of the coupling can be
tuned in a controllable way by applying high hydrostatic
pressure. A sufficiently high pressure can quench the cou-

pling.
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