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We have studied the magnetic field (<50 T) dependence of the photoluminescence (PL) of self-assembled
InAs/GaAs quantum dots as a function of temperature (7). As the temperature is raised from 4.2 up to 80 K,
thermal redistribution causes the PL to be increasingly dominated by dots with a lower PL energy. Magneto-PL
demonstrates that these low-energy dots are larger in size only in the growth direction and not in the plane of
the sample. At high temperatures (7> 100 K), a different physical phenomenon emerges: we see an anomalous
decrease of the PL shift in magnetic field, which is attributed to field enhancement of the quantum dot barrier
potential. This mechanism strongly favors excitons in small dots with a weak PL shift in magnetic field, hence
laterally smaller dots increasingly dominate the PL at high temperatures and high fields.
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I. INTRODUCTION

Self-assembled quantum dot (QD) semiconductor nano-
structures are currently attracting substantial interest due to
their high potential for novel optoelectronic devices.!~> The
advantages of QD-based devices originate largely from the
spatial confinement of the carriers in all three dimensions,
resulting in discrete atomlike energy levels.* For devices
such as lasers, the occupancy of these energy levels is ideally
temperature independent for 7<360 K, but such ideal be-
havior is not observed in practice. Hence, a thorough under-
standing of the effect of temperature is essential for device
fabrication. Here, we show that the application of a very
large magnetic field can give important insight into this prob-
lem. Although the application of a magnetic field has proven
to be a very powerful tool for studying the optical and elec-
tronic properties of semiconductor materials,’ the magneto-
optical study of self-assembled QDs requires the application
of very strong magnetic fields, of the order of tens of tesla, in
order to provide anything more than a small perturbation to
the orbital motion of strongly confined carriers.

In this work, we report nonresonant photoluminescence
(PL) studies of InAs/GaAs QDs as a function of temperature
and magnetic field. In order to investigate some key proper-
ties that govern its electronic behavior, such as the exciton
wave-function extent and effective mass, we use very high
pulsed magnetic fields of up to 50 T to probe the PL of the
QD sample in the temperature range between liquid helium
temperature and 160 K. The data are then analyzed via a
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simple model enabling us to extract information about the
exciton wave-function. Our data clearly indicate a distinction
between two different temperature regimes. At lower tem-
peratures (7<80 K), the PL energy shift between 0 and
50 T, AE, increases with temperature when the magnetic
field is applied perpendicular to the growth direction z, re-
vealing an enhanced transfer of carriers toward QDs that are
bigger in the growth direction. No such trend is observed for
Bllz, which means that the exciton extent in the plane re-
mains unchanged for 7<<80 K. At higher temperatures (T
> 100 K), our results show that the zero-field PL energy de-
creases with increasing temperature according to the empiri-
cal Varshni law® for the InAs band gap, i.e., with no change
in confinement. In contrast, AE is characterized by a strong
and anomalous decrease with increasing temperature, imply-
ing an increasingly strong confinement of the carriers as the
temperature is raised. We resolve these contradictory obser-
vations by proposing that the magnetic field effectively in-
creases the QD barrier potential in a way that is particularly
favorable for the higher energy dots, such that their PL is less
easily quenched at high temperatures.

The paper is structured as follows. In Sec. II, we outline
the sample morphology and experimental conditions under
which this work has taken place, and we comment on the
model that we have used to analyze the dependence of the
PL on magnetic field. Section III discusses the results and
Sec. IV describes their interpretation. Finally, we will sum-
marize the conclusions in Sec. V.
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II. EXPERIMENTAL DETAILS AND ANALYSIS METHOD

The sample was prepared using solid-source molecular
beam epitaxy. A 0.5 um thick GaAs layer was grown on top
of a semi-insulating GaAs substrate. Subsequently, 1.8
monolayers of InAs were deposited at a temperature of
480 °C. During this phase, QDs were formed following the
Stranski—Krastanow growth mode. Finally, the sample was
capped with 25.2 nm of GaAs. The sample was excited by
the light from a solid-state laser at 532 nm via a 200 um
core optical fiber with a power density of 1-10 W cm™2. The
sample itself was located in the bore of a home-made pulsed
field coil, placed in a He flow system allowing PL measure-
ments over a broad temperature range (4.2—160 K). The coil
was connected to a 5 kV, 500 kJ capacitor bank, enabling
magnetic field pulses of 20 ms and up to 50 T. The PL signal
was collected by a single 550 wm core collection fiber and
subsequently analyzed by a 30 cm monochromator and a liq-
uid nitrogen cooled InGaAs diode array using count times of
up to 4 ms. Although this sample has already been studied in
high magnetic fields at low temperatures,”? there are, to our
knowledge, no previous reports of QDs studied as a function
of temperature in such high fields.

Combining the effect of the magnetic field on the electron
and hole energy levels through the use of the exciton effec-
tive mass and exciton radius, (p2)” 2, enables us to construct
a model for the PL energy as a function of magnetic field.’
The influence of a magnetic field on an exciton can be di-
vided into a low-field and a high-field limit based on the size
of the magnetic length, /,=(#/eB)"?, where # is the reduced
Planck constant. In the low-field regime, the magnetic length
is much larger than the size of the confined exciton wave-
function, and the magnetic field can be treated as a small
perturbation to the orbital motion of the confined carriers,
yielding a diamagnetic shift of the energy which is quadratic
with field:'%12 AE, =(e*(p?)/8 ) B, where u is the reduced
exciton mass. In the high-field limit, i.e., when the magnetic
length is much smaller than the exciton wave-function ex-
tent, the magnetic confinement of the carriers dominates the
spatial confinement, and the energy levels shift with mag-
netic field following the quantized Landau levels:'3 E,=(n
+ %)ﬁwc (w, is the cyclotron frequency). The resulting energy
shift of the PL peak energy is linear with magnetic field, and
when limiting our discussion to the electron and hole ground
states, we can write AEy=(efi/2u)B. Although these results
only strictly apply to the two limits, a practical expression
describing the entire magnetic field range can readily be de-
rived by simply demanding continuity in E(B) and its deriva-
tive. The entire data set for a given temperature is then fitted
with an equation describing the PL energy as a function of
magnetic field as follows:

2/ 2 2ﬁ
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where E_,, is the center of mass PL energy and E is the zero
field PL energy. Through the combination of the parabolic
and linear behavior of the PL shift into one equation, where
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FIG. 1. (Color online) The PL energy, E.,, versus magnetic
field. The data for 160 K have been shifted for clarity. The lines are
fits to the data using Eq. (1). At lower temperatures, a Crossover
from parabolic to linear behavior occurs at 19 T (indicated by the
arrow), whereas the 160 K data are parabolic up to 50 T. Note that
the energy shift is much larger for low temperatures. The inset
shows the zero-field PL energy as a function of temperature. For
low temperatures, the decrease of the PL energy with temperature is
faster than predicted by the Varshni law (Ref. 6) for the InAs band
gap (full lines).

the crossover field is given by B.=2%/e{p?), we are able to
extract both the effective exciton radius (p?)"’? and the re-
duced exciton mass u. It should be noted that our experimen-
tal methods and analysis essentially probe the exciton radius.
However, the relation between the exciton size due to quan-
tum confinement and the physical size of the QDs'? enables
us to formulate conclusions about the average size of PL-
active QDs at a certain temperature. For the purposes of this
investigation, we will concentrate on the shift in energy of
the PL peak between 0 and 50 T, AE, and the exciton radius,
but not the exciton mass.

Upon application of a magnetic field, the structure of the
exciton is affected mainly through a compression of the
wave function in the plane perpendicular to the applied field.
Therefore, when examining the PL shift with Bllz, the exci-
ton radius in the plane of the sample is measured. On the
other hand, with B L z, we probe the vertical and one lateral
dimension of the dots. However, since it is the direction with
the strongest confinement (smallest exciton radius) that de-
termines both the size of the shift with field and the cross-
over field B,,'* and since the dots are smaller in the growth
direction than in the plane of the sample, applying a mag-
netic field in the plane of the sample probes the vertical
extent of the exciton. Indeed, we find that the shift and ef-
fective exciton radius are smaller for this field orientation, in
agreement with earlier magneto-PL. measurements on self-
assembled QD nanostructures.”$1213

III. RESULTS

The inset of Fig. 1 shows the zero-field PL energy at
different temperatures. For temperatures below 80 K, the de-
crease in PL energy with temperature is faster than predicted®
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FIG. 2. (Color online) PL spectra at different magnetic fields for
the Bllz configuration for (a) 18 and (b) 160 K. Two PL spectra for
the B L 7z orientation at low temperature are also shown in left panel
(a). The PL intensity is enhanced when applying a magnetic field, in
particular, for the experiments at higher temperatures. The low tem-
perature data have a larger field shift compared to the high tempera-
ture data. Additionally, it can be seen that the PL shift with field is
larger for the Bllz orientation than for the B L z configuration.

for the InAs band gap. This behavior was previously ob-
served and attributed to thermal redistribution of electrons
from higher to lower-energy dots via the wetting layer.!6-13
The increase of temperature thus not only activates the ex-
pansion of the lattice and phonon-related effects but also
introduces an additional transfer of carriers between the dots,
which favors lower-energy recombination. At higher tem-
peratures, the PL energy nicely follows the changes accord-
ing to the Varshni law for the InAs band gap. Following
Brusaferri et al.,'® who reported evidence of families of dots
with “remarkably uniform sizes,” we interpret this tempera-
ture dependence of the PL energy as suggesting the presence
of different dot families with distinct sizes in our sample.
In order to gain further insight into the confinement of the
carriers inside the dots, we then studied the magneto-PL of
the sample at different temperatures and with different orien-
tations of the field with respect to the growth direction. Fig-
ure 2 shows PL spectra for different strengths of the mag-
netic field for 18 and 160 K. From these spectra, it is already
clear that the PL energy shift with B is larger at low tempera-
tures and that the intensity of the PL signal is significantly
reduced when increasing the temperature. The dependence of
the PL peak energy on magnetic field is summarized in Fig.
1 for the same two temperatures. The 18 K data are typical
of the low temperature regime, which is characterized by a
crossover from parabolic to linear field dependence at a cer-
tain field B,, indicated by the arrow. As the temperature in-
creases above 100 K, the shift of the PL energy is reduced,
and there is a decreasingly smaller linear regime at fields
below 50 T, indicating stronger confinement. Figure 3 shows
AE as a function of temperature for both field orientations.
From this figure, it is evident that, for lower temperatures
(i.e., below ~80 K), as the temperature is raised, there is a
strong increase in AE with the magnetic field perpendicular
to the growth direction (B L z), whereas an increase in tem-
perature hardly affects the energy shift for Bllz. In contrast,

PHYSICAL REVIEW B 77, 115348 (2008)

T T T T T T T T T 20
sl o2 o @ OB/ z|
N ° AB1lzH18
= A —
2 lie @
g 7+ —> {16 ¢
E 5 1. &
= _ K
e T I “ &
) 2 1 B
s L 112
G5 &7 Bz o | &
S 6 410
& 0 20 40 60 80 100120
Temperature
4 1

0 20 40 60 80 100 120 140 160 183
Temperature (K)

FIG. 3. (Color online) Energy shift between 0 and 50 T versus
temperature for a magnetic field applied parallel (circles) and per-
pendicular (triangles) to the growth direction. A strong decrease of
the PL shift characterizes the high temperature (7> 100 K) regime.
The inset shows the exciton wave-function extent as a function of
temperature following Eq. (1) for Bllz and reveals an apparent
wave-function shrinkage at high temperatures. For 7> 120 K, the
lateral exciton radius becomes so small that the crossover to the
high-field regime is at too high a field to be determined reliably. The
lines are guides for the eyes.

for 7> 100 K, there is a drastic reduction in the size of the
shift for both field orientations. Given such different behav-
ior, it seems clear that different mechanisms are at work in
the two temperature regimes of our experiment. We will
therefore go on to discuss each of these separately.

IV. DISCUSSION
A.T<80 K

For the low temperature regime, the dependence of the
shift AE on temperature is substantially different for the two
different field orientations, as can be seen in Fig. 3. While
the shift is more or less constant with a magnetic field ap-
plied in the growth direction, experiments with B | z reveal
an increase of the shift with temperature. As mentioned
above, when B 1 z, we are probing the vertical extent of the
exciton, since this is the direction with the strongest confine-
ment with this field orientation. Because the exciton wave-
function is so small in this direction, AE is dominated by the
low-field regime where it is proportional to (p?)/ . An in-
crease in AE is thus either because u is decreasing or (p?)!?
is increasing (or both). However, if it was only because u
was decreasing, this would also increase the confinement en-
ergy, and result in an increase of the zero-field PL energy
relative to the change expected from the Varshni law, which
is the opposite of what we observe. On the other hand, a
decrease in the zero-field PL energy is entirely consistent
with an enhanced transfer of carriers toward larger QDs lead-
ing to a decrease in confinement. Hence, the increase in AE
with the magnetic field perpendicular to the growth direction
indicates an expansion of the exciton wave-function in the
growth direction reflecting the increased contribution of
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larger QDs to the PL emission. In contrast, the energy shift
with magnetic field parallel to the growth direction remains
unaltered at temperatures below 80 K. Thus, the explanation
of the data in the inset of Fig. 1 that there is thermal excita-
tion from smaller to bigger dots is indeed supported by our
magneto-PL measurements, but the magneto-PL data cru-
cially reveal that these dots are larger in size only in the
growth direction: there is no indication of a change in the
average lateral size of the ensemble of dots in this tempera-
ture range.

B. T>100 K

We now turn to the high temperature regime. Here, the
field-induced PL shift is characterized by a massive decrease
as a function of temperature in both field orientations (Fig.
3). Applying an analysis to the data following the magnetic
field dependence of the peak energy as described in Eq. (1)
would lead us to interpret this as a shrinkage of the exciton
radius (or, equivalently, an increase in confinement) as a re-
sult of increasing temperature (inset of Fig. 3). However, if
the QDs active at higher temperatures were, on average,
smaller than the ones responsible for the PL at low tempera-
tures, their confinement energy should be higher, as would be
the corresponding transition energies within the QD. In this
case, the zero-field PL energy would not follow the empirical
Varshni law for the InAs band gap but show a weaker tem-
perature dependence or even an increase as a function of
temperature, i.e., the exact opposite of what we observe at
low T. However, this is clearly not the case, and we therefore
conclude that the decrease of the field-induced PL shift with
temperature is not due to a decrease of the (zero-field) exci-
ton radius as a function of temperature, but that it has some
other cause.

The contradiction is resolved when noting that the energy
shift is determined in the presence of a very strong magnetic
field, which, we propose, affects the confinement potentials.
In general, applying a magnetic field causes the energy levels
of bulk GaAs (the barrier material) to be lifted by %hwc, or
about 0.9 meV T~'.!'° In contrast, the PL energy shift be-
tween 0 and 50 T of the InAs QDs with Bl/z for the consid-
ered temperature range varies between 10 and 20 meV (see
Fig. 3), resulting in an energy shift of about
0.2—0.4 meV T~!. Figure 4 shows a schematic representation
of the electron energy levels of an InAs QD in the GaAs
matrix and illustrates the fact that the application of a strong
magnetic field increases the energy gap between the states in
the QDs and the states of the surrounding bulk GaAs mate-
rial. When applying a magnetic field, the energy levels of the
GaAs barrier material are substantially raised, while the in-
crease of the QD levels is rather moderate. Consequently, a
strong magnetic field enhances the temperature stability of
the system by counteracting the escape of carriers from the
dots into the surrounding barrier material. This phenomenon
has previously been observed in quantum well laser struc-
tures in an attempt to simulate a reduction in dimensionality
by placing the structure in a magnetic field.?%?! However, the
influence of a magnetic field on the energy levels of the QDs
is strongly dependent on the degree of confinement present
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FIG. 4. (Color online) Schematic representation of the electron
energy levels of the InAs QDs and GaAs matrix material as they are
lifted by the magnetic field. The differential rise in energy levels as
a function of B increases the effective barrier height by
0.5-0.7 meV T~!. The confinement energy AE,, the barrier poten-
tial AE,,,, and the band offset AE,, at B=0 are indicated.

in the dots. Smaller dots have a stronger confinement poten-
tial, resulting in a weaker dependence on magnetic field.
Therefore, the energy levels of the excitons with strong lat-
eral confinement, i.e., those with a weak energy shift in mag-
netic field (~0.2 meV T7Y), are lifted much less than the
ones with a weak lateral confinement, as the latter have a
larger PL shift in field (~0.4 meV T~'). In both cases, how-
ever, the barrier energy is raised by the same larger amount.
This results in a field-induced enhancement of
0.7-0.5 meV T~! of the QD barrier potential. Correspond-
ingly, the extra energy difference between the QD levels and
the GaAs barrier material at 50 T is 35 meV (400 K) for the
high-energy dots (i.e., the ones with strong lateral confine-
ment), while it is only 25 meV (290 K) for the low-energy
dots (i.e., with weaker lateral confinement). In other words,
the effect of the magnetic field is to deepen the confinement
potentials of the QDs, and counterintuitively, the mechanism
is much stronger for smaller, high-energy dots, as the energy
levels of these dots are the least affected by a magnetic field.
The result is that at high temperatures and high magnetic
fields, the contribution of the high-energy dots to the PL
relative to the low-energy dots is increased, which, in turn,
results in a smaller PL shift in magnetic field. This explana-
tion is supported by the observation that at high tempera-
tures, the PL intensity is strongly increased upon applying a
magnetic field, as can be seen in Fig. 2(b). In contrast, at low
temperatures, when there is insufficient thermal energy to
excite the carriers entirely out of the InAs dots and wetting
layer into the barrier material, the magnetic field has very
little impact on the PL intensity [Fig. 2(a)]. This corroborates
the assertion that the excitation between large and small dots
at low temperature occurs via the wetting layer.'-!8

V. CONCLUSIONS

We have studied exciton confinement in self-assembled
InAs/GaAs QDs. At low temperatures (7<80 K), we find
that the PL energy decreases faster with temperature than
predicted by the Varshni law for the InAs band gap. This is
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attributed to thermal excitation via the wetting layer to dots
which are larger only in the growth direction of the sample.
At higher temperatures (7> 100 K), we observe a strong de-
crease of the PL shift in field, which we attribute to field
enhancement of the QD barrier potential. As the influence of
a magnetic field on the energy levels of the QDs depends
inversely on the confinement energy, this mechanism is par-
ticularly important for smaller dots.
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