
Magnetic field effects on optical and transport properties in InAs/GaAs quantum dots

M. Larsson,* E. S. Moskalenko,† L. A. Larsson, and P. O. Holtz
Department of Physics, Chemistry and Biology (IFM), Linköping University, S-581 83 Linköping, Sweden

C. Verdozzi and C.-O. Almbladh
Solid State Theory, Institute of Physics, Lund University, S-22362 Lund, Sweden

W. V. Schoenfeld and P. M. Petroff
Materials Department, University of California, Santa Barbara, California 93106, USA

�Received 11 January 2006; revised manuscript received 14 June 2006; published 12 December 2006�

A photoluminescence study of self-assembled InAs/GaAs quantum dots under the influence of magnetic
fields perpendicular and parallel to the dot layer is presented. At low temperatures, the magnetic field perpen-
dicular to the dot layer alters the in-plane transport properties due to localization of carriers in wetting layer
�WL� potential fluctuations. Decreased transport in the WL results in a reduced capture into the quantum dots
and consequently a weakened dot-related emission. The effect of the magnetic field exhibits a considerable dot
density dependence, which confirms the correlation to the in-plane transport properties. An interesting effect is
observed at temperatures above approximately 100 K, for which magnetic fields, both perpendicular and
parallel to the dot layer, induced an increment of the quantum dot photoluminescence. This effect is ascribed
to the magnetic confinement of the exciton wave function, which increases the probability for carrier capture
and localization in the dot, but affects also the radiative recombination with a reduced radiative lifetime in the
dots under magnetic compression.
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I. INTRODUCTION

The injection of electrons and holes into self-assembled
quantum dots �QDs� can be achieved by optical or electrical
means. In many applications of QDs, there are requirements
of an effective and/or accurate carrier supply to the dot. Due
to the small volume and the discrete energy level structure of
a QD, the weak absorption of the ground and excited states is
often insufficient to be used in practice, i.e., the QD suffers
from a small effective absorption cross section. It is often
more efficient to make use of the significantly higher absorp-
tion in the bulk material and in the wetting layer �WL�. In
that case, the lateral transport properties of the carriers be-
come important since this transport will determine the effec-
tiveness of the carrier supply to the dot and consequently
also the recombination rate of the dot. Furthermore, the elec-
trical injection of carriers relies also on the carrier transport
in the surrounding material. In order to control the carrier
population in the QDs, the transport properties of carriers in
the vicinity of the dot are accordingly important. The lateral
transport of carriers has been observed to be affected by
several different mechanisms, such as trapping of carriers
into WL localization potentials1,2 or into nonradiative centers
in the WL and in the surrounding material.3,4 Even carrier
hopping between the QDs has been demonstrated by em-
ploying time-resolved measurements.5

In the present work, optical and in-plane transport prop-
erties of photoinduced carriers in InAs/GaAs QD structures
are studied. A magnetic field perpendicular to the WL alters
the carrier transport and capture, which is monitored by
changes in the photoluminescence �PL� intensity of the WL
versus the dots. A wide temperature range is investigated and
the experimental data demonstrate a striking difference be-
tween the effect of the magnetic field at low and high tem-

peratures. At low temperatures, the magnetic field reduces
the QD related PL intensity, while a significant magnetic
field enhanced PL intensity is observed at temperatures
above �100 K. The effect of the applied field is shown to be
as strongest in the sample of lowest dot density, in agreement
with our model proposed, suggesting that a limiting factor
for the dot-related PL is based on the fact that the magnetic
field localizes the carriers in WL potential fluctuations.

II. EXPERIMENTAL DETAILS

The InAs/GaAs self-assembled QDs were grown by
molecular-beam epitaxy in the Stranski-Krastanov growth
mode. After an initial growth of a 100 nm GaAs layer, the
dots were formed from a 1.7-monolayer-thick InAs deposi-
tion, resulting in approximately 4–5-nm-high and
35-nm-wide QDs on a thin InAs wetting layer �WL�. The
InAs layer was grown without rotation of the substrate,
which results in a gradient of the InAs deposition and con-
sequently a gradient of the QD density. Subsequently, a
100 nm GaAs layer was grown in order to cap the InAs dots.
Due to the gradient of the dot density across the wafer, it was
possible to study sample pieces with different interdot dis-
tance. The dot densities were not accurately determined; in-
stead, we used the ratio between the luminescence intensities
of the QDs and WL for a comparison of the dot densities
between the different sample pieces.

The magneto-PL measurements were performed in a vari-
able temperature He-cooled cryostat with a superconducting
magnet supplying magnetic fields up to 14 T. In the mag-
netic field dependent measurements, the field was applied
along �Faraday geometry�, or perpendicular to �Voigt geom-
etry�, the normal to the QD layer. The optical access to the
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sample, both the optical excitation as well as the collection
of the luminescence, was provided by the same multimode
optical fiber. A Ti-sapphire laser was used as excitation
source, which was tunable between 700 and 1000 nm. The
excitation power was kept sufficiently low to excite just the
ground state of the QDs. Two different setups were used to
detect the PL signal: Either a 0.85-m double-grating mono-
chromator together with a LN2-cooled Ge detector, using
standard lock-in technique, or a single-grating 0.45-m mono-
chromator combined with an LN2-cooled Si CCD camera.

III. RESULTS AND DISCUSSION

During the growth of QDs in the Stranski-Krastanov
mode, variations in alloy composition and strain will cause
potential fluctuations in the WL.1,2 These shallow 2D-like
potential fluctuations are able to trap carriers with suffi-
ciently low thermal energy. Consequently, the photoexcited
carriers that move along the plane of the WL will have a
certain probability to be localized in such potential fluctua-
tions and subsequently recombine if there is a carrier of op-
posite charge in the vicinity, contributing to the WL emis-
sion. Any potential fluctuation will give rise to a locally
attractive potential for a charge carrier with a binding energy
determined by the thickness and the lateral extension of the
fluctuation.6

Besides the probability to be captured into a QD or to
recombine radiatively in the WL, the carriers may be trapped
by a nonradiative recombination center �NRC� in the bulk or
in the WL.3,4 In the following discussion, we will regard
NRCs as randomly distributed in the structure. The carrier
velocity, mobility, and probability for trapping in a WL po-
tential fluctuation as well as the dot density determine the
probability for a carrier to be captured into a QD. Accord-
ingly, if the distance between the dots is smaller than the
diffusion length of the carriers, a major part of the electrons
will be captured into the dots.

A. Low-temperature photoluminescence

Figure 1 shows the low-temperature PL spectra of the QD
and WL for two samples that reveal different dot densities.
The low dot density sample exhibits a strong WL emission at
1.44 eV and a QD-related emission centered at 1.27 eV. The
spectrum of the corresponding high dot density sample is
dominated by a QD emission around 1.24 eV and reveals
only a weak WL contribution.

In samples with a high density of QDs, the majority of the
carriers will be captured into a QD and recombine, resulting
in an intense QD related emission, while the WL PL intensity
is weak, or nondetectable �see Fig. 1�. The distance between
the dots is consequently smaller than the diffusion length of
the photoinduced carriers. Our previous study revealed an
exciton diffusion length in the WL of approximately 1 �m.7

Since only a very limited WL contribution can be observed
in the low-temperature PL spectrum, we roughly estimate a
dot separation of about 1 �m and a dot density of approxi-
mately 108 cm−2.

In the low dot density sample, the distance between the
QDs is larger and there is accordingly a higher probability

for the carriers to localize and recombine at WL fluctuations
prior to QD capture. The larger fraction of localized carriers
in the WL gives rise to the stronger WL-related emission in
Fig. 1. As a consequence of the higher probability of carrier
localization in the WL, the QD-related emission is reduced.
For samples with even lower density �106 cm−2�, the ratio
between the QD and WL integrated intensities is approxi-
mately 1%.8 In our low dot density sample, the ratio is about
50%, which indicates a dot density significantly higher than
106 cm−2. The blueshifted QD emission observed for the low
dot density sample, in comparison with the high dot density
sample, indicates a slightly smaller average dot size and
hence a larger quantum confinement shift.

B. Temperature dependence

In Fig. 2, the integrated intensities of the WL and the QDs

FIG. 1. PL spectra of high and low InAs/GaAs QD density
samples, measured at 2 K. The excitation energy was 1.67 eV and
the power density was set to 1 W/cm2.

FIG. 2. The temperature dependence on the spectrally integrated
PL intensity for the low dot density sample of the QD �circles�, WL
�triangles�, and the total emission �squares�.
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are plotted as a function of the sample temperature. With
increasing temperature, from 2 to 55 K, a reduction of the
WL-related emission simultaneously with an enhancement of
the QD-related emission is observed. Hence, there is a
temperature-induced redistribution of the luminescence in-
tensity from the WL to the QD. However, as the temperature
is further increased, also the QD emission is quenched. In the
whole temperature range studied, the total PL intensity �of
the WL and QDs� monotonously decreases with increased
temperature.

For increasing temperatures up to about 55 K, the redis-
tribution of the PL intensity from the WL to the QDs in the
low dot density sample is an effect of the increased diffusion
length at increased temperatures. Many studies have shown
that increased temperatures �up to a certain temperature� will
cause an increase of the radiative recombination time in two-
dimensional quantum structures.9–12 Feldmann et al.10 ex-
plained the temperature dependence of the decay time in
terms of momentum conservation for the free excitons. Since
a thermal broadening of the free exciton will reduce the k
=0 exciton population, a smaller fraction of the excitons will
fulfill the momentum conservation criteria and an increased
exciton lifetime is expected. According to Ridley et al., the
thermal equilibrium between free carriers and excitons is
predicted to increase the decay time with raised
temperature,13 i.e., thermal ionization of the exciton is taken
into account. An increased radiative recombination time for
carriers in the WL is expected to result in an increase of the
QD-related emission on the expense on the WL PL, as ob-
served experimentally.

Furthermore, increased temperatures also cause delocal-
ization of the carriers from the WL potential fluctuations,
which in turn enhances the carrier population and the carrier
mobility in the plane of the WL.11 From the temperature
dependence of the WL, shown in Fig. 2, an activation energy
of 4 meV can be deduced. Our previous work based on lat-
eral electric field dependence studies on single dot related PL
indicates a depth of the potential fluctuations of approxi-
mately 3 meV.14 Furthermore, PLE measurements reveal a
Stokes shift of about 5 meV,7,15 which also gives a rough
estimate of the depth of the local WL potential fluctuations.
Based on these different experimental observations, the
depth of the WL potential fluctuations is estimated to be
3–5 meV.

As a result of the increased decay time and the increased
mobility of the carriers, the diffusion length in the plane of
the WL increases, which enhances the probability for the
carriers to be captured into the QDs. Such an increased trans-
port in the WL also increases the capture probability of the
carriers into the NRCs, as reflected by the observed decrease
of the total integrated luminescence intensity with increasing
temperature. At further elevated temperatures, also other
nonradiative recombination processes due to thermal activa-
tion of carriers from the WL into the barrier material12,13,16

and nonradiative recombination at the InAs/GaAs
interface9,17 become significant. As a result, the total inte-
grated PL intensity is further reduced. The thermal activation
of nonradiative recombination processes has been demon-
strated by the decrease of the radiative decay time at higher
temperatures in InAs/GaAs quantum structures.9,11,12 A neg-

ligible PL intensity from the GaAs barrier material is ob-
served in the whole temperature range studied.

The temperature dependence of the high dot density
sample is somewhat different since the WL emission is es-
sentially absent. As seen in Fig. 3, the QD-related lumines-
cence intensity is invariable with temperature up to about
80 K, but decreases for higher temperatures. As discussed
above, the capture probability into the QDs is efficient at low
temperatures and a majority of the carriers are captured,
which results in an intense QD-related emission and a weak
or absent WL luminescence. For elevated temperatures, the
carrier mobility and diffusion lengths are enhanced in the
plane of the WL. However, since there are almost no carriers
localized in the WL at low temperatures, almost no increase
of delocalized carriers is expected and consequently no in-
crease of the QD emission intensity is observed with increas-
ing temperature. The temperature-induced reduction of the
QD emission intensity at temperatures above 80 K is ex-
plained in terms of an increased thermal kick out rate from
the dots.18,19 This statement is supported by PL measure-
ments with below WL excitation, where the carriers are ex-
cited directly into the dot. PL performed with below and
above WL excitation follows the same general temperature
dependence. Consequently, the WL transport properties to
explain the QD emission intensity variations are hence ex-
cluded �Fig. 3�. As discussed above, at high temperatures,
nonradiative recombination processes become more efficient,
which reduce the total luminescence intensity.

C. Magnetic field dependence

Applying a magnetic field perpendicular to the QD layer
at low temperatures reduces the intensity of the QD-related
emission, as shown in Fig. 4 for the high dot density sample.
The integrated WL intensity, on the other hand, exhibits an
increase of 13 times when the magnetic field is increased
from 0 to 14 T �see the inset of Fig. 4�. Similar experimental
findings have been reported by Menard et al.,20 who pro-
posed a magnetic field induced change of transport proper-
ties causing the PL enhancement.

FIG. 3. The temperature dependence on the spectrally integrated
PL intensity for the high dot density sample with above �1.67 eV�
and below WL �1.37 eV� excitation.
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A magnetic field perpendicular to the WL compresses the
in-plane wave functions of the carriers as predicted by the
theory and experimentally indicated by time decay measure-
ments on QWs.21 Sugawara et al.22 observed an increase of
the emission intensity of 1.5 times, in an InGaAs/ InP QW,
with an applied magnetic field of 7 T, which was ascribed
the magnetic field induced compression of the wave function
and corresponding increased oscillator strength. In addition
to the fact that the magnetic confinement of the carrier wave
function increases the oscillator strength in the WL, the field
also increases the localization of carriers in the WL potential
fluctuations in our case.

D. Electron and hole fluxes

The role of the free carriers can be illustrated in terms of
a simple model of semiclassical transport, where the electron
and hole motion is assumed to occur in the WL plane.
Impurity-induced and external electric fields are in the WL
plane, while the external magnetic field is perpendicular
�along the positive z axis� to the WL. We consider one Bolt-
zmann’s equation for each carrier. While formally indepen-
dent, these two equations are coupled via the screened elec-
tric field. The screening is due to a dielectric constant
computed self-consistently in �linear� response23 to both
negative and positive carriers.

Similarly, the current flux through the quantum dot is due
to both electrons and holes. To illustrate the procedure, we
consider explicitly the case of electrons with charge −e. For
holes, the treatment follows identically, with −e→e. We start
with the standard Boltzmann’s equation in real space, in or-
der to evaluate the electron probability distribution f�r ,k�.24

Once linearized in the electric field, for constant electric and
magnetic fields, the problem is a well known textbook case,
as for instance described in Ziman’s book.25 Here the com-
plication is due to the inhomogeneity of the electric field,

produced by the randomly distributed charged impurities. In
this case, once �i� linearized in the electric field, �ii� in the
relaxation-time approximation, and �iii� expressed in the q
space �which is dual to the r space�, Boltzmann’s equation
for an electron with effective mass m becomes

�iq · v +
1

�
� f1 − e� �f0

��
�E�q� · v +

− e

mc
�v � B� · �vf1 = 0.

�1�

Here v=�k /m, � is the semiclassical particle energy, � is the
relaxation time, E�q� is the total �impurity and screening
from electrons and holes� field, self-consistently determined
at the linear-response level, and B is the magnetic field along
the z axis. Setting f1=e�� �f0

��
�E�q���q ,k�, and moving to po-

lar coordinates ��v�→��v ,��, one gets

�i�qv cos � + 1�� − v cos � + ��c��
��

��
= 0, �2�

where �c=eB /mc is the cyclotron frequency. The idea of
incorporating the symmetry �in our case cylindrical� to sim-
plify Boltzmann’s equation is not a new one, and has been
considered several times in the past �for a recent discussion,
see, for example, Ref. 26�. Equation �2� is an ordinary dif-
ferential equation in � with v as a parameter, and can be
solved by quadrature. Alternatively, the required periodic so-
lutions can be obtained by expanding � in a Fourier series.
This leads to a 3-step recursion for the Fourier coefficients,
which can be efficiently handled via continued fractions. The
expansion in Fourier coefficient has been used previously
�see for example Ref. 27�. To efficiently handle the three-step
recursion for the Fourier coefficients, we use a continued
fraction approach. Continued fractions are a well known tool
in electronic-structure calculations28 and formally, our prob-
lem is similar to that of an electron moving on a 1D tight-
binding chain in the presence of an external electric field.29

The final explicit expression for the current in real space for
a set of impurity charges �QR� located at positions �R� is

J�r� = �
R

	juR
ûR + jvR

v̂R
, uR = �r − R�, ûR =
r − R

�r − R�
,

�3�

v̂R = ẑ � ûR,

	 juR
jvR 
 = QR	0�

0




dqq�−1�q�J1�qu�

��
0




duFL�xqu�
FT�xqu� �ue−u, �4�

where ��q� is the dielectric constant �from both electrons and
holes�, J1 is the integer Bessel function, 	0=e2�n0 /m, and
xq= 2�2q2

�m �� is the inverse temperature�. On the right-hand
side of Eq. �4�, the subscript in uR has been dropped to
alleviate the notation. Finally, the recursive character of the
solution enters via

FIG. 4. PL spectrum of a high dot density sample at a tempera-
ture of 2 K with an applied magnetic field of 14 T perpendicular to
the dot layer, together with a reference spectrum without any ap-
plied field. The inset shows the evolution of the WL with increasing
magnetic field in steps of 1 T.
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FL�x� =
2 Re	Ã�x�


1 + x Re	Ã�x�

, FT�x� =

− 2 Im	Ã�x�


1 + x Re	Ã�x�

, �5�

Ã�x� =
1

w1 −
x

w2 −
x

w3 − ¯

.

In these expressions, the dependence on B shows only in
��c��. The latter in turn appears only in the coefficients wn

=2�1+ in�c�� in Ã�x�. We wish to restate at this point that
there is one such solution for each carrier type, Eqs. �3�–�5�.
Formally, they are obtained one from the other by inter-
changing −e↔e. However, the two solutions are coupled via
the screening response �from both electrons and holes� in the
WL. A treatment of the screened response along similar lines
can be found in Ref. 30.

The flux through the dot, to be related to the carrier pho-
torecombination, is determined by considering the carriers
crossing the dot boundary. The dot is assumed to be circular
in shape with radius RD and centered at the origin of the xy
plane. The drain of carriers in the dot is simulated by retain-
ing only the ingoing contribution, namely �� is the Heavside
function�

J = �
positive

dl� · J = RD�
0

2�

d� n̂� · J�r,����n̂ · J� , �6�

where n̂�= �−cos � ,−sin �� determines the ingoing direction
for the current J, calculated on the circle of radius RD, i.e.,

on the dot boundary. In Eq. �6�, J represents the total e+h
current due to the �impurity-related and external� electric and
external magnetic fields.

In Fig. 5, the results for the electron and hole fluxes  at
different particle concentrations are shown, as a function of
the external magnetic field, for a fixed temperature �T
=300 K�. The results refer to a single dot geometry, with
in-plane, randomly distributed charged impurities. The de-
crease of the flux with increasing field is apparent.

Accordingly, the carrier flux to the dot will decrease with
increasing magnetic field, which decreases the probability
for the carriers to be captured into the QDs. As a result, a
redistribution of carriers from the QDs to the WL is expected
to reduce the QD emission, which is accompanied by an
increase of the WL PL intensity, in agreement with the ex-
perimental results �see Fig. 4�.

The strength of the magnetic field induced PL intensity
enhancement effect is shown to be dot-density-dependent. As
seen in Fig. 6, the emission intensity from the QDs in the
low dot density sample is reduced by four times when the
magnetic field is increased up to 14 T, while a decrease of
only 1.5 times was observed for the sample with the high dot
density. In samples with a low dot density, the effect with a
PL intensity decrease for the QDs for increasing magnetic
field is stronger than in samples with a high dot density �see
Fig. 6�. In a sample with a low dot density, the number of
WL localization potentials is larger relative to the number of
dot potentials than in samples of high dot density. Since the
magnetic field increases the probability for localization at
each localization potential, the effect of the magnetic field on

FIG. 5. Predicted electron and hole fluxes into a single QD as a
function of a magnetic field perpendicular to the dot layer, as
achieved from the model employed.

FIG. 6. The magnetic field dependence in Faraday geometry of
the integrated QD PL intensity at 2 K for three different dot densi-
ties together with a single dot. The PL intensity of each sample is
normalized to the intensity of the emission at zero field.
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the QD intensity is accordingly more pronounced in low dot
density samples in comparison with high dot density
samples. This dependence on the dot density is further estab-
lished when measuring the effect of the magnetic field for
individual dots. In single dot spectroscopy with interdot dis-
tances of about 10 �m �Ref. 8� with magnetic fields up to
5 T, a reduction of the QD PL intensity of about 15 times
was observed.

E. High-temperature magnetic field dependence

There is a remarkably abrupt enhancement of the mag-
netic field induced QD luminescence intensity when increas-
ing the temperature above �100 K. Instead of reducing the
QD luminescence intensity as observed for lower tempera-
tures, the magnetic field causes an increase of the QD related
PL intensity, as shown in Fig. 7. The magnetic field induced
PL enhancement increases with increasing temperatures, to

reach a relative enhancement of three times
	IQD�14 T� / IQD�0 T��3
 at 160 K. This unexpected obser-
vation can be explained in terms of a magnetic field en-
hanced capture: At relatively low temperatures �50�T
�100 K�, the carriers have a thermal energy, which is suffi-
cient for delocalization from the potential fluctuations with-
out a magnetic field, but when a magnetic field is applied, the
carriers get localized in these potential fluctuations. Conse-
quently, the PL intensity of the QDs is reduced �see Fig. 7�.
However, for temperatures above �100 K, the thermal en-
ergy of the carriers is relatively high and the carriers will not
be localized in the WL potential fluctuations even with a
magnetic field applied. However, it is expected that the mag-
netic field can localize carriers in the considerably deeper
QD potentials. Consequently, the magnetic field will affect
both the carrier transport and the capture process of the car-
riers into the dot. The transport is gradually more hindered
with increasing field due to progressively stronger localiza-
tion effects. The field will, on the other hand, enhance the
capture process of carriers from the WL into the dots. The
experimental observation that the QD PL intensity increases
with increasing applied magnetic field at high temperatures
implies that the latter effect is the predominant factor for
those conditions �see Fig. 7�.

For measurements with below WL excitation, any capture
process into the dots of carriers created in the WL is absent
since the absorption takes place solely in the QDs. As ex-
pected, no change of the PL intensity was observed at tem-
peratures below �80 K with below WL excitation 	see Fig.
7�a�
. However, by increasing the temperature above �80 K,
thermal excitation of carriers from the dots becomes signifi-
cant �as shown in Fig. 3�. A magnetic field applied perpen-
dicular to the dot layer, i.e., the Faraday configuration, en-
hances the recapture of the kicked-out carriers. As a result of
such an enhanced recapture, we observe an increasing QD-
related luminescence with increasing magnetic field at tem-
peratures above �80 K and with below WL excitation 	see
the inset in Fig. 7�a�
. It should be stressed that the magnetic
field enhanced capture into the dots is present at all tempera-
tures, but the effect of the carrier localization in WL poten-
tials and the magnetic field reduced flux to the dot are the
predominant factors determining the PL intensity at low tem-
peratures.

Also the lifetime of the exciton should be taken into ac-
count when considering expected PL intensity variations. As
the magnetic field is increased, the lifetime of the exciton in
a QD is reduced,31 giving rise to an increase of the PL inten-
sity. The magnetic field induced compression of the excitonic
wave function increases the oscillator strength in quantum
structures,21 as previously mentioned. Even though the exci-
ton wave function is already fairly compressed by the con-
finement potential of the dot, the magnetic field further en-
hances the oscillator strength. A decreased decay time of the
radiative recombination in QDs with increased magnetic
field at low temperatures has earlier been demonstrated by
Lomascolo et al.31 This effect is observed to be more pro-
nounced at higher temperatures for our QD system. As dis-
cussed above, the carriers in the QD have a certain probabil-
ity to be thermally excited out of the dot at high
temperatures. There is accordingly a competition for the car-

FIG. 7. �a� The ratio of the integrated dot PL intensity between
14 and 0 T in Faraday geometry of the high dot density sample as
a function of temperature under excitation with above and below
WL energy. The inset shows the normalized PL intensity with be-
low the WL excitation as a function of the applied magnetic field,
measured at 120 K. �b� The ratio of the integrated dot PL intensity
between 14 and 0 T of the low dot density sample as a function of
temperature with above WL excitation for Faraday and Voigt
geometry.
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riers to either be kicked out of the dot or to radiatively re-
combine. By decreasing the radiative decay time with an
applied magnetic field, i.e., increasing the probability for ra-
diative recombination, an increased emission efficiency is
expected for a magnetic field applied. At above WL excita-
tion, the effect of the decreased decay time at low tempera-
tures is of minor importance since the QD PL intensity in
that case is essentially determined by the in-plane transport
properties. Both enhanced carrier recapture to the dots and
reduction of the radiative lifetime of the carriers in the dots
under applied magnetic field are contributing to the dot-
related PL intensity increase at high temperatures.

In the Voigt geometry, with the magnetic field applied in
parallel to the WL, the transport properties in the WL are
expected to be essentially unaffected by the magnetic field.
In accordance with these expectations, no change of the QD-
related PL intensity was observed in the Voigt configuration
at temperatures below �50 K, as shown in Fig. 7�b�. At
higher temperatures, the magnetic field is still able to
squeeze the electron-hole wave function, which in turn re-
sults in an enhanced QD emission rate and intensity, in ac-
cordance with the discussion above and the experimental
data presented in Fig. 7�b�. Since the in-plane transport is not
significantly limited by the magnetic field in the Voigt geom-
etry, the ratio between the QD PL intensity at 14 and 0 T is
expected to be higher in Voigt than in Faraday geometry, in
agreement with the experimental results in Fig. 7�b�.

IV. CONCLUSIONS

The effect of a magnetic field perpendicular to the dot
layer was studied in a wide temperature range. An observed
redistribution of the PL intensity from the QDs to the WL for
a magnetic field in the Faraday geometry, i.e., applied per-
pendicular to the WL, at low temperatures, demonstrates that
the in-plane transport is considerably affected. At tempera-

tures below approximately 100 K, the magnetic field in the
Faraday geometry reduces the lateral transport to the dots
since the field localizes carriers in WL potential fluctuations
with a depth of a few meV. A semiclassical Boltzmann equa-
tion was considered for both electrons and holes in the pres-
ence of a magnetic and an internal electric field to explain
the flux of the carriers. Furthermore, the effect of the mag-
netic field at low temperatures is strongest for low dot den-
sities, in agreement with the localization of carriers in the
WL potentials. As predicted, our results show that the in-
plane transport properties are not significantly altered by a
magnetic field in the Voigt geometry, since the compression
of the carrier wave function in the plane of the WL is limited.
For temperatures above �100 K, the magnetic field cannot
localize carriers in the WL due to the relatively high thermal
energy. However, the magnetic field is able to enhance the
localization of carriers in the considerably deeper QD poten-
tials, resulting in an increase of the QD PL intensity with
increasing fields for T�100 K, in both Faraday and Voigt
geometry. The reduced exciton lifetime with an applied mag-
netic field will also contribute to the enhanced QD PL inten-
sity. The effect of the reduced lifetime, however, does not
change the QD PL intensity at low temperatures since the
thermal kick-out rate of the carriers from the dot is very low
and the capture rate is essentially determined by the in-plane
carrier transport.
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