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Abstract. We investigate the linewidths and radiative lifetimes of single InAs
quantum dots embedded in the ternary matrix AlxGa(1−x)As as function of
aluminum composition. For an increasing aluminum content, we find that
the average of the measured linewidths of individual transitions increases.
Furthermore, we find that the distribution of the measured linewidths broadens.
We infer that the linewidth broadening is the result of spectral wandering caused
by inhomogeneities and local defects in the surrounding AlxGa(1−x)As matrix.
Local charging and de-charging of defects polarize quantum dots in their vicinity
thereby shifting the energy states of the exciton transition in time through the
quantum confined Stark effect. The intrinsic radiative lifetimes of numerous
quantum dots were determined. We suggest that the observed variation in
radiative lifetime at a given photon energy is explained by the influence of an
in-plane electric field on the oscillator strength of the electron–hole pair.
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1. Introduction

After almost half a century one could contemplate if
the GaAs based semiconductor industry would have
ever been so successful without the application of its
ternary counterpart AlxGa(1−x)As [1, 2]. Since the
late sixties it was long recognized that combining the
two lattice–matched materials, each owing its unique
properties, would offer a huge variety in optoelectronic
devices and applications [3, 4, 5, 6, 7, 8, 9, 10, 11]. For
instance, the well-established technique of modulation
doping can be utilized to achieve ultrahigh mobilities
in electronic devices [2, 3]. On the other hand,
exploiting the fact that the free exciton transition
energy strongly depends on the Al concentration opens
up the possibility to tune the confinement of both
electrons and holes, which in turn allows for device
operation up to room temperature [4, 5, 6].

In this report, we draw our attention to the
application of the AlxGa(1−x)As as a matrix element
in combination with zero dimensional components, i.e.,
InAs quantum dots (QDs). The optical properties of
InGaAs quantum dots inside the GaAs matrix have
been studied extensively for their potential role in
quantum application devices [12, 13, 14, 15]. The
motivation for these experiments can be found in the
fact that for quantum operations the coherence time of
any two-level system, in this case the exciton transition
inside the quantum dot, is of utmost importance.
This constrains the homogeneous linewidth Γ of the
transition to be preferably at or close to the transform-
limited optical transition, at which point the linewidth
is solely determined by the radiative lifetime τX of the
emitter itself [16, 17, 18, 19]. On timescales much
shorter than 100 ps, various scattering processes, such
as electron-electron scattering and phonon scattering,
cause homogeneous broadening of the transition [20,
21, 22]. On timescales much larger than the intrinsic
radiative lifetime, the optical transition energy is
dynamically broadened as a result of the quantum
confined Stark effect (QCSE), which shifts the states of
the transition in time (the so-called spectral diffusion
or spectral wandering) [17, 23].

In view of the numerous experiments conducted
on the InAs/GaAs quantum dot system and its
various device applications, one would expect that
a sizable amount of literature would be available
for the InAs/AlGaAs system. Potentially, the
system comprising InAs quantum dots embedded in

an AlxGa(1−x)As matrix could solve some of the
ongoing issues of the InAs/GaAs quantum dot system.
Most importantly, as previously mentioned, the
incorporation of aluminum into the GaAs matrix leads
to the achievement of room temperature operation of
the system [24]. Moreover, the deep confinement of
charged carriers could lead to very low decoherence
rates, which are important for applications of quantum
computers built up out of III–V semiconductor
materials. Surprisingly however, up until now, not
a single paper has been published that addresses the
radiative properties of single InAs quantum dots inside
the AlxGa(1−x)As matrix.

We investigate the spectral linewidth of individ-
ual InAs quantum dots embedded in AlxGa(1−x)As for
three different samples of varying aluminum compo-
sition (x = 0.13, 0.23 and 0.33) using low tempera-
ture micro-photoluminescence (µPL) spectroscopy. We
probe the inhomogeneous broadening of the exciton
ground state transition for energies above 1.1 eV, a
limit set by the Si based detectors. The radiative
lifetime of the exciton ground state emission was de-
termined by time-resolved µPL spectroscopy (TRPL).
Different excitation wavelengths were used to excite
both above and below the absorption band edge of the
samples.

2. Experimental details

The samples were grown by molecular beam epitaxy
using a GaAs semi-insulating (undoped) substrate. For
the 13% and 23% Al samples, an AlxGa(1−x)As barrier
layer of approximately 200 nm was grown on top of a
300 nm GaAs buffer layer. After barrier layer growth,
1.8–1.9 mono layers (ML) of InAs were deposited
as a seeding layer for the quantum dot formation.
Finally, the samples were capped with 100 nm of
AlxGa(1−x)As followed by 2 ML of GaAs to prevent
oxidation of the AlxGa(1−x)As layers. For the 33% Al
sample, 200 nm Al0.33Ga0.67As was grown on top of
a 20 nm thick AlAs buffer layer. After the quantum
dot formation, the sample was capped with 55 nm of
Al0.33Ga0.67As followed by quantum dot overgrowth
to allow for determination of the dot density and
size distribution by atomic force microscopy. The
aluminum concentration of all three samples was
determined using reflectivity measurements at 70 K
[25, 26].

In order to optically resolve single quantum dots,
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we use Au masking containing apertures of variable
size (33% Al sample) or we make freestanding mesas
(23% and 13% Al samples) of 150 nm in height. Using
standard lithography, both apertures and mesas were
created with an average lateral size of 1 µm2. The
creation of the mesas involved etching of the sample
and the creation of sidewalls close to the nanocrystal
structures. The masking was done on top of the sample
surface, leaving the sample structure unharmed. A
pitch size of 3 µm was used to allow for the Ti:Sapphire
laser, having a spot size of ∼1 µm in diameter, to
address the apertures (mesas) individually. Prior to
the creation of the mesas, we check the linewidth of
several isolated dots in the 13% and 23% samples.
From these measurements, we exclude any radiative
broadening effects of the sidewalls of the mesas.

For the TRPL measurements, the Ti:Sapphire
laser was operating at 76 MHz with a pulse width
of 5 ps. µPL measurements were performed with
continuous wave operation in backscattering geometry
using a 100× objective. After collection, the
photoluminescence signal was dispersed in a 0.5 m
spectrometer and either registered on a Si charge
coupled device (CCD) or on a Si avalanche photo diode
(APD). Using a HeNe calibration light source, the
spectral resolution of the setup was determined and
found to vary from 50 µeV at 1.18 eV to 100 µeV at
1.62 eV. The full widths at half maximum of individual
transitions were determined by using either a Gaussian
or a Lorentzian fitting function, or a combination of the
two, i.e., a Voigt function. Recording a histogram of
the reflected laser light from the sample surface, the
instrumental response function (IRF) was found to be
650 ps. However, least squares deconvolution of the
data fixes the resolution to the size of the bin width of
the time correlator card, which is 37 ps.

3. Experimental results

3.1. Linewidth broadening

Fig. 1 shows the macro photoluminescence spectra
and the measured linewidth of individual dots as
a function of photon energy for the three samples.
The macro photoluminescence spectra are normalized
over the entire ensemble and the energy shift in
maximum photoluminescence intensity reflects both
the increased height of the confinement barrier as a
result of the change in AlxGa(1−x)As band gap energy,
as well as the somewhat reduced dimension of the
quantum dot size for increasing aluminum content
[27]. The enhancement of the confinement barrier
height was confirmed from temperature dependent
measurements, which at room temperature revealed
strong photoluminescence intensities for the sample
having the highest aluminum content.
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Figure 1. (a) Macro photoluminescence spectra of the three
samples at 10 Kelvin, using an InGaAs CCD camera in
combination with a 20× objective and 0.3 m spectrometer.
All spectra were excited using a continuous wave laser diode
operating at 1922 meV with 200 µW power density. (b) Optical
linewidth Γ as function of photon energy for varying aluminum
composition measured on the Si CCD camera for below
AlxGa(1−x)As band gap excitation energies. The gray area
underneath the horizontal dashed line indicates the detection
limit of the setup as function of energy. The error bars for the
selected dots at the low and high energy side of the spectrum
reflect the error in the measured full width at half maximum.
All the measurements were done at 4.2 K.

For the linewidth measurements, we used below
AlxGa(1−x)As band gap energies to optically excite the
dots, i.e., 1589 meV for the 13% and 23% Al samples
and 1771 meV for the 33% Al sample (filled squares).
The latter also was excited with an excitation energy
of 1922 meV (open squares) quasi-resonant with the
Al0.33Ga0.67As band gap energy of 1940 meV [25, 28].
The collection time for each individual point was
10 s for the 13% Al sample and 30 s for the 23%
and 33% Al samples. To rule out the possibility
of multi exciton emission, the power dependency of
the photoluminescence intensity of each single line
was carefully checked and only those that showed
linear dependency were included in the linewidth
measurements [29].

To study the dependency of the linewidths
on the aluminum concentration, we use the macro
photoluminescence spectra of Fig. 1a to identify an
ensemble of dots within each of the three samples that
are equally comparable in terms of photoluminescence
intensity and are still considered to be part of the main
photoluminescence peak. For each of the ensembles,
we calculate the cumulative histograms of all the
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Figure 2. Cumulative histograms of the measured linewidths of
the three samples, normalized to the total number of incidences,
for the energy ranges as indicated in Fig. 1a, using a bin width
of 25 µeV. The figure also shows the computed values (in µeV)
for the mean µ and standard deviation σ using a log-normal
distribution function as a fit (solid black line).

linewidths for all excitation energies within an energy
range of 110 meV using a bin width of 25 µeV and a
lognormal distribution function as a fit. The results
of these calculations together with the fitting function
(black solid lines) are shown in Fig. 2. Also shown are
the computed values (in µeV) of the mean average µ
and its standard deviation σ. From the histograms, it is
clear that the average linewidths for the 33% Al sample
are increased in comparison to those of the two other
samples, which are comparable within the resolution
limit of our setup. Moreover, the distribution of the
linewidths of the 33% Al sample is more dispersed.

The dependence of the linewidth on quantum
confinement is investigated. We fit each of the
three macro photoluminescence spectra of Fig. 1a
with a single lognormal distribution function. From
the fits, we obtain the standard deviation σx of
the ensemble photoluminescence spectra for every
aluminum composition x. We distinguish between
quantum dots, which we consider to be part
of the main photoluminescence envelope function,
and dots that are located at the high energy
side of photoluminescence spectra, with a photon
energy larger than 2 × σx compared to the peak
photoluminescence energy position. In the following,
we will refer to the first class of dots as proper dots.
Quantum dots with a ground state exciton transition
in the high energy tail of the photoluminescence
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Figure 3. Histograms showing the distribution of the measured
linewidths, which were obtained by combining the results
from all three samples, for all excitation energies used. The
histograms are normalized to the total number of incidences,
using two different classes of dots, i.e., the proper dots (a) and
the pre-dots (b). The distinction between the two classes is based
on a difference in quantum dot size, as is determined from the
macro photoluminescence spectra of Fig. 1a. The used bin width
is 25 µeV. The figure also shows the computed values (in µeV)
for the mean µ and standard deviation σ using a log-normal
distribution function as a fit (solid black line).

distribution are dubbed pre-dots, because we think that
these dots are smaller than the proper dots.

Fig. 3 shows the cumulative linewidth distribution
of the three samples as function of Γ based on this
classification. Using the histograms of Fig. 3, we
determine the mean average value of the full width
at half maximum and its standard deviation for both
ensembles. For the proper dots, the measured average
Γ is (110 ± 41) µeV and for the pre-dots the average Γ
is (127 ± 39) µeV. We conclude that the proper dots
have an average Γ, which is slightly smaller than those
of the pre-dots, with a comparable distribution.

3.2. Radiative lifetimes

As pointed out previously, spectral wandering is a
process that depends on the dynamics of a fluctuating
environment. Here we would like to address the
influence of the electrostatic environment of the
dot. This means that we are interested in radiative
processes, which occur on a timescale faster than
the spectral diffusion time [30]. We perform TRPL
measurements to study the nature of the ground state
exciton transition. Fig. 4a shows the radiative
lifetimes as function of photon energy for the three
samples. The photon energy range for our time-
resolved measurements was chosen such that it covers
a comparable amount of both proper dots and pre-
dots. An example of a lifetime transient together
with the IRF recorded on the APD is shown in
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Figure 4. (a) Radiative lifetime as function of ground state
photon energy for varying aluminum composition measured on
the avalanche photodiode (APD) for below AlxGa(1−x)As band
gap excitation energies. The size of the filled circles for the 23%
Al sample indicate the magnitude of the measurement error in
the lifetime of ∼40 ps. A selection of dots of comparable photon
energy (1326 ± 5) meV in the 23% sample, which were all excited
with the same excitation energy (1718 meV) and an equivalent
power density of 4 Wcm−2, is indicated by the light gray dots.
The inset shows the histogram of the measured lifetimes of the
23% Al sample and the corresponding values (in picoseconds)
using a bin width of 50 ps. (b) Typical lifetime transient for a
quantum dot at 1393.8 meV in the 33% Al sample. The solid
black line is a fit to the measured data. Also indicated in the
figure are the radiative lifetime of the dot and the instrument
response function (IRF) (gray solid line). (c) Spectrum for the
same dot as in (b) measured with the APD. A Gaussian fit (solid
line) was used to determine the full width at half maximum of
215 µeV. The background counts of the spectrum stem from
the detector’s dark count rate of ∼40 Hz. All the measurements
were done at 4.2 K.

Fig. 4b. Fig. 4c shows the corresponding
spectrum of the dot. We only excited the dots non-
resonantly, with excitation energies below and above
the wetting layer emission energy [31]. Also here,
we only include the radiative lifetime values from
exciton transitions that show a linear dependency
of the photoluminescence intensity on the excitation
density. For the 13% and 33% Al samples, we have
employed excitation energies of 1589 and 1768 meV,
respectively. The 23% Al sample was excited at
1718, 1588 and 1525 meV. We did not observe any
significant changes of the radiative lifetime values with
variation of the excitation wavelength. Within the
linear excitation regime, we were unable to detect any
dependency of the radiative lifetime on the excitation
power density within all three of the samples. The
fits to the data are obtained by means of a linear
regression method using a single exponential decay
model. All correlation coefficients (> 0.993) indicate
almost flawless fits to the model, thereby ruling out
the possibility of other recombination mechanisms,
including nonradiative recombination [32]. The inset
of Fig. 4 shows the cumulative histogram for the 23%
Al sample for all excitation energies, normalized over

the entire distribution. The average measured lifetimes
for the 13%, 23% and 33% Al samples are (0.87 ± 0.15)
ns, (0.93 ± 0.15) ns and (1 ± 0.2) ns, respectively. All
computations use the same bin width of 50 ps.

4. Discussion

The measured radiative lifetime values of Fig. 4a agree
well with previously reported values of InAs quantum
dots in GaAs [12, 33, 34, 35]. On average, the measured
radiative lifetimes show no clear observable dependence
on either the aluminum concentration or on the exciton
transition energy. Based on the values for the radiative
lifetime, the transform-limited optical linewidth yields
a value close to 1 µeV [19]. Thus we conclude that the
measured linewidths of Fig. 2, which are 100× larger,
are not determined by the radiative recombination
rate.

We propose that the observed behavior of the
linewidth as function of aluminum composition and
for both the proper and pre-dots, displayed in Figs.
2 and 3, respectively, is due to spectral wandering,
caused by charging and de-charging of local defects
in the AlxGa(1−x)As layer. We expect the density
of defects to become larger with increasing aluminum
content [27]. This explains the results in Fig. 2,
which show that the linewidth of the dots increases
when the aluminum concentration rises above a critical
value of about 30%. The results of Fig. 3 show
that the pre-dots are more sensitive to the charge
fluctuations in comparison to the proper dots. This
is explained by a weaker localization of the exciton
wave function. For decreasing localization, i.e., with
decreasing confinement energy, we expect the electron
and hole wave functions Ψ(r, t) to increasingly leak into
the surrounding AlxGa(1−x)As barrier. As a result,
the transition becomes more susceptible to the QCSE
caused by an induced electric field. This dynamical
electric field can be accounted for by assuming charge
trapping and detrapping in the vicinity of the dot
[17, 36, 37].

If we again turn our attention to the results of
Fig. 4, we notice a large variation of the radiative
lifetime at a given photon energy (light gray dots). In
our case, the deviation of τX for the selected dots is
0.61–1.37 ns, which is more than a factor of two. This
behavior is different from what has been reported for
the InAs quantum dots in GaAs, where the variation
is less than 70% [35].

The quantum dot radii (≈12 nm) are smaller
than the Bohr radius aB [33] of approximately 20 nm.
Therefore, we conclude that our dots are in the
regime of strong confinement [39, 40, 41]. In this
regime of strong confinement, the radiative lifetime τX
is inversely proportional to the overlap between the
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electron and hole wave functions [42, 35, 43, 44], i.e.,
|〈Ψe|Ψh〉|2. The shortest radiative lifetime corresponds
to a maximum overlap of the electron and hole wave
functions. The presence of additional defects in the
AlGaAs matrix explains the weakening (strengthening)
of the oscillator strength of the electron hole pair,
owing to a built-in electric field that decreases
(increases) the overlap of the electron and hole wave
functions via the QCSE.

We calculate the radiative lifetime and emission
energy dependence on an applied electric field of
an InAs quantum dot embedded in an Al0.23Ga0.77
matrix, using a eight band k · p model [38] (see Fig.
5). The figure demonstrates how an applied electric
field perpendicular to the growth direction reduces the
overlap between the electron and hole wave functions
through the d.c. Stark effect, confirmed by the
redshift of the emission energy. This reduced overlap
ultimately leads to a prolongation of the radiative
lifetime. Conversely, an electric field applied parallel to
the growth direction imposes a negligible effect on both
the radiative lifetime and emission energy, validating
the strong confinement regime of our dots.

The calculations also demonstrate that the spread
in the radiative lifetimes for our dots can be explained
by an in-plane electric field of about 50–60 kV/cm.
Therefore, we suspect a possible hideout for the
charge traps at the alloy fluctuations between the
InAs wetting layer and AlxGa(1−x)As interface. This
seems to be the most straightforward and reasonable
explanation for the variation in radiative lifetime.

We have performed temperature dependent mea-
surements of the radiative lifetime on several individ-
ual quantum dots to exclude phonon assisted carrier
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Figure 5. k · p calculations demonstrating the influence of an
applied electric field on the radiative lifetime (a) and emission
energy (b). Calculations were conducted for a quantum dot
with a height of 2 nm and a radius of 10 nm. The dot
is embedded in an Al0.23Ga0.77As matrix, assuming a non-
negligible intermixing of Ga into the InAs quantum dot of 25%.
Electric field is applied both perpendicular (open symbols) and
parallel (solid symbols) to the growth direction, taking into
account the Coulomb interaction of the electron hole pair. For
details on the used material parameters and a short explanation
of the model theory, see Ref. [38].

escape for the enhancement in the radiative emission
rate [21, 45]. These measurements indicate that the ra-
diative lifetime remains constant for temperatures be-
low 35 K, thereby ruling out phonon assisted carrier
escape as a possible mechanism.

5. Conclusions

In summary, we discuss the linewidth broadening of
individual quantum dots as function of photon energy.
This we consider to be the result of local charging
and de-charging of charge centers in the vicinity of
the dot, caused by randomized defect incorporation
into the AlxGa(1−x)As matrix. The density of charge
traps increases with increasing aluminum content,
constituting a local built-in electric field. This electric
field leads to larger broadening of individual exciton
transitions through the QCSE. For dots that have a
high photon energy, i.e., the pre-dots, the decreased
localization of the exciton wave function leads to an
enhancement of the linewidth broadening. For the first
time, we have performed time-resolved measurements
on individual InAs quantum dots within a strong
confining AlxGa(1−x)As barrier matrix. Our time
correlated measurements reveal that small variations
of the electrostatic potential in the local environment
of the dot are non-negligible and have a profound effect
on the radiative lifetime of the dot.
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