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Excitonic Mott transition in type-II quantum dots
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Photoluminescence spectra measured on a type-II GaSb/GaAs quantum dot ensemble at high excitation
power indicate a Mott transition from the low density state comprising of spatially indirect excitons to a high
density electron-plasma state. Under the influence of a very high magnetic field, the electron-plasma that is
formed at high excitation powers is transformed into magneto-excitons.
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Photoexcited carriers in a semiconductor are a model sys-
tem where we have the means to both controllably generate
and, through the recombination luminescence, probe the en-
ergy levels and statistics of the exciton population. At low
excitation power, Wannier excitons can be treated as inde-
pendent, similar to a gas of noninteracting hydrogenic atoms.
A larger density of such entities can lead to the formation of
molecular, liquid, metallic, or superfluid phases."> The low
and high density regimes are also separated by a Mott tran-
sition between the “insulating” excitonic state of bound
electron-hole pairs and the plasma state.>*

In this Rapid Communication we report photolumines-
cence (PL) measurements of a type-II self-assembled quan-
tum dot (QD) ensemble. Due to the staggered band align-
ment at the GaSb-GaAs interface,”>”’ the GaSb QDs
contained within the GaAs matrix confine the holes, but act
as antidots for the electrons (Fig. 1). Under nonresonant op-
tical excitation, the electron-hole pairs generated are spatially
separated, with the electrons being loosely bound to the
charge of the holes within the QDs.%” The charge distribution
of the excluded electrons is self-consistently determined such
that it corresponds to the minimum energy configuration,®
possibly with interesting topological consequences.®? These
excitons have no center of mass degree of freedom and the
average charge of the QDs can be tuned by the strength of
the optical excitation.”!®!! They do not form excitonic “mol-
ecules;” the biexcitons are rather simlar to new “elements”
with different “nuclear” charge.”!° The upper bound of the
exciton density is determined by the spatial density of the
randomly positioned QDs. Studying the PL spectra from
GaSb QDs at different excitation powers and in high mag-

FIG. 1. (Color online) Simplified band diagram showing spa-
tially indirect excitons with electrons in the GaAs matrix and holes
in the GaSb valence band of the WL and QD. The z axis denotes the
growth direction and the QDs are distributed in the xy plane. The
band diagram from an eight-band k-p calculation can be found in
Ref. 7
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netic fields, we have encountered two Mott transitions. The
first is a transition from the noninteracting excitonic gas state
to a plasma state as a result of increased optical excitation,
while the second is a transition back to an (optically inactive)
exciton state as a result of the application of a very large
magnetic field (<45 T). The former is typical of excitonic
systems, while the latter is characteristic of impurity bands.
Thus we have probed the entire Mott-transition phase dia-
gram in a system that displays properties associated with
both excitons and donor impurities.

Sample growth (by metal-organic vapor phase epitaxy)
and characterization is described in Ref. 5. The sample mea-
sured in this study corresponds to a growth interruption of
2 seconds and a QD density of about 3 X 10'° cm=2. While
transmission electron microscope images® seemed to suggest
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FIG. 2. (Color online) The zero-field PL spectra at different
excitation powers measured at 15 K. The emission around 1.1 eV is
from QDs and the higher energy peak is due to the WL. The QD
spectra considerably broaden at higher excitation powers, indicating
the loss of excitonic resonance. The asymmetry and shoulder in the
WL peak is due to the sharp cutoff in the detector response at
~1.38 eV. (Inset) A comparison of line shapes for the 0.2 W cm™
spectra (linear scale, offset on both x and y axes and normalized),
measured at 15 K (B=0 T) and 185 K (B=0 T, 45 T), show that at
this low power the emission linewidth and the (Gaussian) spectral
shape are completely determined by the inhomogeneous broadening
and are independent of magnetic field and temperature.
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FIG. 3. (Color online) (a) PL peak transition energy as a function of magnetic field at different laser powers measured at 4.2 K. Solid
lines are the fits to the equation Ey+AE, where AE is given by Egs. (1) and E) is the zero-field transition energy that monotonically increases
with excitation power. (b) A depiction of the corresponding electron trajectories (represented by solid lines for bound states and dotted lines
for free particles) as the sample goes through a density-dependent Mott transition. (c) The values of the exciton radius (squares) and the
exciton binding energy (circles) as a function of excitation power, obtained from the fits in (a). The smooth curves are just to guide the eye.
The binding energy and the radius at 0.2 W cm™ excitation are obtained from fits to the data in Fig. 4(c) since a field of 15 T is not enough

for excitons with radii =10 nm.

a weakly bimodal size distribution for the lateral diameters
of the dots with the prominent mode at around 22 nm, sub-
sequent cross-sectional scanning tunneling microscopy done
with atomic scale resolution'? revealed that the actual lateral
extent of the dots is considerably smaller due to alloying and
replacement of antimony by arsenic atoms. The dots had a
lateral size of between 4—8 nm and were about 2 nm high.!?
The low temperature PL spectra exhibit two prominent
peaks, from the wetting layer (WL) at about 900 nm and the
QD ensemble at about 1100 nm (Fig. 2). The ratio of the WL
to the QD PL intensities is strongly excitation power depen-
dent. This gives an indication of the relative populations of
carriers in the two regions. A U-shape of the PL peak energy
as a function of excitation power was observed at ultralow
excitation powers,'! due to optically induced charge deple-
tion of the unintentionally doped QDs. The present study is
limited to higher powers where we observe the conventional
blueshift [Fig. 3(a)], and the physics of charge depletion is
not relevant. Note that the contribution of the capacitive
charging energy associated with the increased hole occu-
pancy at higher excitation powers”!? completely masks the
band gap renormalization effects.

PL measurements were performed in pulsed magnetic
fields, B<<48T, using a 532 nm excitation laser and an
InGaAs diode array for detection. The magnetic field-
induced shift of excitonic (hydrogenic) ground state at very
low fields corresponds to a diamagnetic shift that is to the
lowest order in perturbation theory quadratic in the magnetic

field, AE~[gXp?)/8u]B?. The high field regime is equiva-
lent to having “free” electrons and holes recombining from
their respective Landau level ground states. Thus the shift is
linear at very high fields, AE~[%ig/2u]B. q is the absolute
value of the electron charge, w the reduced mass of the
electron-hole pair, and \(p?) is the exciton radius. These
functional forms are strictly valid only in the two asymptotic
limits, but are a good approximation'? for 8=<0.4 and 8
= 1, respectively, if S is the ratio of the cyclotron energy to
twice the effective exciton Rydberg energy. As the simplest
approximation, a functional form for the magnetic field-
dependent change in the peak position of the PL spectra
(henceforth called PL peak shift) for 0.4<B=<1.0 may be
extrapolated by demanding adiabatic continuity between the
two regimes and assuming that diamagnetic contribution ex-
tends up to S=1. This leads to the following phenomenologi-
cally successful relationship (e.g., Ref. 14) to describe the PL
peak shift for all S3:

2/ 2
ME=LP D ipon (1a)
8
m ok
=———+-1p  for B>B,. (1b)
2up7)  2u

The crossover field B,=2%/(g{p*)). The first term in Eq. (1b)
corresponds to the excitonic binding energy and is the ex-
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FIG. 4. (Color online) PL peak shift (B<48 T) at different ex-
citation powers. Cryostat temperature ~15 K. At high powers, (a)
and (b), the slope of the PL peak shift shows an unexpected change
at intermediate fields. At low power (c), the conventional excitonic
behavior is observed and the PL peak shift is well described by Eq.
(1) (solid line). (d) Magnetic field-dependent PL linewidths at dif-
ferent excitation powers. Solid lines are to guide the eye.

trapolation to B=0 of the high-field slope [second term in
Eq. (1b)].

Figure 3(a) shows the PL peak shift (inferred from fitting
the Gaussian line shape to the spectra) at different excitation
powers measured in magnetic fields of up to about 15 T,
with the sample at 4.2 K. Fitting these data to Egs. (1) gives
a direct way to measure the excitonic binding energies and
the radii. The results are shown in Fig. 3(c). The value of the
average binding energy of the exciton decreases from
4.5 meV to less than 0.5 meV as the excitation power is
increased by one and a half orders of magnitude. The evolu-
tion is accompanied by the corresponding increase in the
exciton radius from 8§ nm to about 25 nm. We thus have an
indication of the system progressing toward a Mott transi-
tion. The peak-shift observations correlate well with the
zero-field emission spectra of Fig. 2, where despite the large
inhomogeneous broadening, the loss of excitonic resonance
is clearly observed by the broadening of the high energy tail
and the significant increase in linewidth at high excitation
power [also see Fig. 4(d)]. Reference 15 also reports a simi-
lar broadening.

The weakening of the binding of electrons from a specific
site can be related to two effects. Of primary importance is
the higher electron density, especially of those electrons
which participate in the WL PL. Figure 2 shows that the WL
PL intensity increases much faster than the QD PL intensity,
implying a greater role of screening at higher excitation
power. Specifically, there exists a critical screening length X\,
beyond which the positively charged dots do not support
bound (exciton) states. While for a three-dimensional (3D)
system with Yukawa interaction'® \_ is 0.84ap, in the actual
QD ensemble the barrier potentials at the QD-matrix hetero-
interface further aid ionization. QDs are also not a homoge-
neous three-dimensional system because the electrons are
constrained to the matrix above the dots (by the presence of

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 77, 241304(R) (2008)

the WL), but still are attracted to the holes in the dots and the
WL. Secondly, since the average separation of the randomly
located QDs in the present sample is about 50—60 nm, for
exciton sizes of about 25 nm there may be an overlap be-
tween some excitons with their neighbors. The delocalization
of a few electrons can further aid in screening, leading to
further ionization.

Figure 4 extends the study to much higher magnetic fields
(B<48 T). For practical reasons pertaining to helium turbu-
lence during the pulse, the high field experiments had to be
performed in a helium flow cryostat at a temperature of
about 15 K. It is likely that the slight increase in temperature
has further aided ionization. The observation of a very large
linewidth in Fig. 2, at the excitation power of 10 W cm™2,
was indicative of the formation of the plasma phase. Now
notice the anomaly in the PL peak shift of the spectra mea-
sured at this excitation power [Fig. 4(a)]. The PL peak shift
shows an unexpected change in slope around 15 T and it can
no longer be described by Eq. (1) in the entire field range.
Qualitatively, a linear peak shift at low fields (indicative of
the electron plasma state with near-zero binding energy [cf.
Eq. (1)]) transforms to a curve described by Eq. (1) [dotted
line in Fig. 4(a)]. This transition from linear to quadratic
dependence is due to the magnetic field-induced
stabilization* of the insulating magnetoexciton state®*—an
arbitrarily weak 1D (effective dimensionality is reduced on
account of 2D magnetic confinement) potential must support
at least one bound state. This is similar to the field-induced
impurity freeze-out phenomenon* of semiconductor physics.
Between Figs. 4(a) and 4(b) (and other measurements at in-
termediate powers) we observe an increase in slope of the
field dependence of the peak shift at low magnetic fields.
This suggests a coexistence of two phases due to distribution
of critical screening lengths for different sized QD in the
ensemble. Note that Fig. 4(c), where we began with a clearly
bound excitonic state at B=0, Eq. (1) [solid line in Fig. 4(c)]
describes the PL peak shift in the entire field range and there
is no Mott transition.

Independent evidence of the above described phenomena
is provided by the difference in the field dependence of the
linewidths of the spectra measured at different excitation
powers [Fig. 2 (inset) and Fig. 4(d)]. The linewidth is nearly
constant up to 45 T for the spectra measured at the excitation
power of 0.2 and 1 W cm™2, completely determined by the
inhomogeneous broadening. Figure 2 (inset) shows that in-
creasing the measurement temperature to as high as 185 K
also does not affect the spectral shape.

On the other hand, there is ~30% decrease in the line-
width of the spectra measured at 10 W cm™2 [Fig. 4(d)] in an
applied magnetic field. The linewidth is almost constant in
plasma phase below 15 T and the decrease correlates with
the anomaly in the peak-shift data. Furthermore, in high
magnetic field, the linewidth again tends toward the
inhomogeneous-broadening-limited value measured for the
excitons at lower laser powers.!” Figure 4(d) thus serves the
purpose of a rough “phase diagram,” where the upper part of
the graph corresponding to large linewidths denotes the
plasma phase and the lower part the (inhomogeneously
broadened) exciton phase. Since the Mott transition is a zero-
temperature phenomenon, the measurements described in
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Fig. 4(d) and the rest of the paper only depict magnetic field-
, excitation power-, and temperature-aided excursions to
various phases.

The highly nonequilibrium nature of the phenomena re-
quires the generation of a large number of photoexcited car-
riers and consequently sample excitation under high laser
powers, resulting in some sample heating. However, this
heating is only a perturbation to the experimental conditions:
First, the zero-magnetic field PL spectra show a strong tem-
perature dependence at all laser powers and they all merge to
a single curve beyond 100 K (not shown). These observa-
tions indicate that the difference in the sample heating be-
tween the lowest and the highest powers is not more than a
few kelvin. Furthermore, the loss of excitonic resonance due
to many-body effects, which change the functional form of
the spectral density, is different from the thermal ionization
of excitons (Fig. 2). For the spectra measured at 185 K and
the excitation power of 0.2 Wcm™, the inhomogeneous
linewidth is unaffected despite the large temperature change.

Finally, we mention that the emission intensities were
magnetic field dependent. Unlike for type-I dots, we ob-
served a magnetic field-induced PL quenching, which sug-
gests that the ground state of magnetoexcitons in our sample
is dark with a possibility of a gap that can be overcome at
high temperatures.
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We have studied the different phases of spatially indirect
excitons in an ensemble of GaSb QDs contained within a
GaAs matrix. We have observed systematic changes in the
average excitonic binding energy and the Bohr radius with
changing electron-hole density (Fig. 3). These are interpreted
as the transition from an insulating excitonic phase to a
single component plasma phase. The magnetic field-induced
shift of the peak energy of the PL spectra, when the system is
in the plasma phase, shows an anomalous functional form
(Fig. 4) that is indicative of a phase transition. This is attrib-
uted to a second Mott transition back to the insulating mag-
netoexciton state. The loss and the recovery of the excitonic
resonance has been independently tracked by observing the
changes in the inhomogeneous linewidth as a function of
excitation power and magnetic field [Fig. 2 and Fig. 4(d)].
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