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Using photocurrent infrared spectroscopy, we characterized bound-to-bound transitions in the conduction
band of samples with high density of GaN/AlN quantum dots �QDs�. TE �TM� polarized peaks at 0.15–0.23 eV
�0.7–0.9 eV� depending on the dot size, are associated with S-Px,y �S-Pz� transitions. The transition energies
and the oscillator strengths were analyzed by numerical solution of the Schrödinger equation in three dimen-
sions for truncated hexagonal pyramid dots. Assuming peak broadening due to dot size fluctuations, we derived
the dot dimensions for which all observed photocurrent peak energies can be accounted for. It is shown that for
these dimensions to agree with the quantum well limit both nonparabolicity and anisotropy of the conduction
band must be taken into account. The appearance of photocurrent due to bound-to-bound intraband transitions
within the QDs is attributed to lateral hopping conductivity. Analysis of the photoresponse magnitude due to
optical excitation of electrons to different states in the QD yields a two-dimensional mobility edge at �1 eV
above the GaN conduction-band edge. The hopping model is further supported by the temperature dependence
of the dark conductivity and its sensitivity to the size and the density of the QDs.
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I. INTRODUCTION

Quantum dots �QDs� based on a variety of semiconductor
compounds have attracted considerable interest in the past
few years due to their unique physical properties as well as
their potential applications for improving solid-state lasers1,2

or for the fabrication of controlled single-photon emitters.3

Epitaxially grown GaN QDs embedded in AlN open a new
spectral region of blue and ultraviolet for high-temperature
single-photon sources. In this material system the possibility
of observing single-photon emission close to room
temperature4 is a direct consequence of strong carrier local-
ization due to the large band offset �up to 1.8 eV between
GaN and AlN�. Another appealing feature of GaN/AlN QDs,
also stemming from the large band offset, is the appearance
of intersubband �ISB�/intraband �IB� transitions in the near-
infrared �NIR� spectral range �1–3 �m�.5 Pushing ISB/IB
devices to the NIR range using AlN/GaN heterostructures is
of great interest as the material properties of III nitrides com-
bined with the inherent features of ISB devices can lead to
unique devices for NIR applications such as high-power tun-
able lasers for medical spectroscopy,6 as well as high-speed
modulators and detectors. Indeed, in the last years there were
several demonstrations of devices based on ISB transitions in
GaN/AlN structures, including all-optical switches,7 electro-
optical modulators,8 lateral quantum dot IR photodetectors9

�QDIPs� and quantum cascade detectors.10 Despite substan-
tial progress in the synthesis of nitride semiconductor hetero-
structures, there are still large uncertainties in the nitride ma-
terial parameters, in particular, the effective masses and the
static polarization, which have a major effect on the physical
properties of the structure. The implementation of efficient

III-nitride-based ISB devices depends on the understanding
of both the electronic spectrum and the various carrier trans-
port mechanisms.

Most ISB devices rely on vertical carrier transport, in
which photoexcited carriers in the continuum are drifted by
the electric field along the growth direction.11 Thus, in QD-
based devices, photocurrent is usually generated by transi-
tions from bound states in the QDs to extended states in the
wetting layer �WL� or in the continuum. Photocurrent related
to bound-to-bound �BtB� electronic transition is not likely
since the excited-state energies are below the effective po-
tential barrier and excited carriers have a low escape
probability.12

A device configuration relying on in-plane transport be-
tween QDs can be useful to study the in-plane QD coupling
mechanisms and provide an insight to the QD electronic
structure. In-plane conductance between individual QDs was
observed in the InAs/GaAs material system13 as well as in
Si/Ge QDs.14 Due to carrier localization in these systems, the
main lateral transport mechanism, at sufficiently low tem-
peratures, is variable range hopping �VRH�.15 In VRH, the
carrier may optimize their paths in a four dimensional space
of energy �E� and real space �x ,y ,z�, referred to as the range.
This type of transport is highly sensitive to the energy level
of optically excited carriers and hence can provide an instru-
ment to assess the energy-level distribution in the QDs. Since
IB transitions in the conduction band of GaN/AlN QDs occur
in the infrared spectral range whereas interband transition is
at UV wavelengths �3.5–5 eV�, it is a relatively easy task to
assure that the samples are excited by light that can only
cause IB transitions in the QDs.
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In this work we characterize the polarization-dependent
mid-IR �MIR� photoresponse of lateral QDIPs at low tem-
perature �T�12 K� in order to identify the energy levels in
the QD conduction band. The appearance of photoresponse
at energies lower than the effective barrier height is attrib-
uted to the increase in hopping probability following BtB
excitation in the QDs. By combination of photocurrent spec-
troscopy and theoretical models for the absorption and lateral
transport, we present a consistent picture of the IB transitions
within the QDs and the sensitivity of transport properties to
the size and the density of the QDs and to the levels into
which carriers are excited. The paper is organized as follows.
In Sec. II, the sample structures and the experimental setup
are introduced. The experimental results are presented in
Sec. III. In Sec. IV, the single-band effective-mass three-
dimensional �3D� model for IB transitions is described. This
model is applied to interpret the experimental IB photocur-
rent spectra, focusing on the relations between QD dimen-
sions, mass tensor, and transitions energies. Finally, the pho-
tocurrent and the dark current are analyzed based on the
hopping model.

II. EXPERIMENTAL

Two samples were studied: E697 and E645, containing
dots of different dimensions. Both samples consist of 20 pe-
riods of GaN QD layers with 3-nm-thick AlN spacers, grown
by plasma-assisted molecular beam epitaxy �PAMBE� on
1-�m-thick AlN-on-sapphire �0001� templates. During the
deposition of the QDs, Si doping was introduced in the
nominal level of 1020 cm−3. High-resolution transmission
electron microscopy �HRTEM� shows that the QDs are trun-

cated hexagonal pyramids with �101̄3� facets formed over a
WL of about two monolayers16 and no Ga-Al interdiffusion
has been observed.17 To characterize the QD size and the
density using atomic force microscopy �AFM�, an additional
QD layer was deposited on the surface. More details on the
sample growth and characterization can be found in Ref. 18.
A 400�400 nm2 AFM image of the samples is presented in
Fig. 1; the size and the density of QDs extracted from AFM
are summarized in Table I. The large error margins in the QD
dimensions translate the effect of the apex size of the AFM
probe on the measurements. In both samples there is a large
fluctuation in the QDs lateral dimension around a constant
aspect ratio �height to base diameter ratio�. This aspect ratio
to some extent depends on the growth conditions18 but typi-
cally it is about 1/5 in GaN/AlN QDs.16

In order to further establish the differences in the QD
dimensions between the two samples, in addition to the AFM
characterization, we performed photoluminescence �PL� and
NIR transmittance measurements. For PL measurements, we
used the dispersed light of a xenon lamp as the excitation
source. The NIR transmittance measurements were con-
ducted in a wedge-multipass waveguide configuration, using
a commercial InSb detector. The samples show P polarized
absorption peak in the NIR, which is associated with the
transition from the ground state S to the first excited level
with two antinodes along the growth direction, Pz. This peak
was well characterized in previous analysis performed on

similar structures.9 Here, we only state the relevant results
for the two discussed samples. Table I summarizes the re-
sults.

The critical dimension of the QDs is in the growth direc-
tion �height�, which is considerably smaller than the lateral
dimensions �diameter�. Thus, both the PL and the S-Pz ener-
gies are associated mostly with the QD height. The differ-
ence in the energies of the PL peaks is a clear evidence of the
size difference between the two samples. In both samples the
PL peak is blueshifted with respect to bulk GaN �3.5 eV�; but
in sample E645, which contains smaller QDs, the blueshift is
larger due to a stronger quantum confinement. The small full
width at half maximum �FWHM� of the PL and the S-Pz
transition indicates excellent homogeneity of the QD height
�roughness of less than �0.5 nm� in both samples. The S-Pz
transition, deduced from the NIR transmittance measure-
ments, also reflects the size difference between the two
samples but more importantly it contains information on the
actual electron density in the QDs. To estimate the effective
electron density in the QDs, we used the following expres-
sion describing the QD sheet absorption coefficient ���1�
for an IB transition from a state g to a final state e in the QD
�Ref. 19�:

�ge
2D =

�Nde2

2m0�0nc
G�	 − 	ge��Ng − Ne�
ge, �1�

where Nd is areal density of absorbing QDs; 
ge is the os-
cillator strength �OS�; and Ng and Ne are the occupation
probabilities of the initial and the final states, respectively.
m0 is the electron rest mass, c is the speed of light, n is the
index of refraction, and �0 is the permeability. G�	−	ge� is

FIG. 1. �Color online� AFM images of samples �a� E697 and �b�
E645 showing the different QD sizes and densities.
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the line-shape function which takes the form of a Lorentzian
in the ideal case where only lifetime broadening is present.
In the case of self-assembled QDs, the size distribution of the
QD introduces inhomogeneous broadening to the ensemble
absorption line, and the line shape becomes Gaussian.20 Us-
ing Eq. �1�, the S-Pz �g=S and e= Pz� absorption �S-Pz

2D can be
evaluated and compared with the experimental results. As-
suming, NS close to unit, NPz

�0, the absorption at the S-Pz

resonance is 0.17Nd �1012 cm−2	 /FWHM �meV	, where the
GaN material parameters were assumed to be m�=0.2m0 and
n=2.3 �in the NIR�21 and the S-Pz OS was numerically
evaluated �see Sec. IV A� as 
S-Pz


0.75m0 /m�. Using the
QD density deduced by AFM and the measured absorption
per pass of the S-Pz transition, the above expression yields
fill factors of 1/8 and 1/1 electrons per dot for samples E645
and E697, respectively. This means that, at sufficiently low
temperatures, only the ground state of the QDs is occupied.

In order to fabricate QDIPs based on in-plane transport,
standard photolithography and dry etching techniques were
used to define an etched interdigitated contact structure down
to the AlN buffer. Ti/Al/Ti/Au contacts were deposited into
the etched contact channel using self-aligned and lift-off
technique. The ten contact fingers formed were 800 �m
long, 20 �m wide, and 10–20 �m apart. This structure was
designed in order to maximize the active region while main-
taining relatively large electric field.

Conductivity measurements were performed using an HP
4155B semiconductor parameter analyzer. Photocurrent mea-
surements were preformed using Fourier transform infrared
analyzer �Bruker-Equinox 55� with a tungsten-halogen
source for NIR �1–3 �m� and a glow bar for the MIR
�3–15 �m�. To allow for polarization analysis, the facets of
the samples were polished in 45°. The IR spectral depen-
dence was measured using a standard lock-in technique, in
wedge and front illumination. It should be pointed out that
the sapphire-substrate spectral cutoff is at 5.5 �m. In order
to analyze the polarization at longer wavelengths in wedge
configuration, the devices were fabricated as close as pos-
sible to the polished facets of the sample.

For reference, an additional sample was grown containing
only PAMBE grown AlN on the same template �AlN-on-
sapphire �0001�	. The sample was processed and measured
under the exact same conditions as the other two samples,
containing the QDs. The reference sample was not conduc-
tive and exhibited no photoresponse in the infrared spectral
range.

III. EXPERIMENTAL RESULTS

The low-temperature �T=12 K� photocurrent spectra of
the two samples in the MIR spectral range are presented in

Fig. 2 for front illumination and 10 V bias �shown schemati-
cally in the inset�. The photoresponse increases linearly with
bias �between 0 and 10 V�. Typical values of integrated pho-
tocurrent due to the glow bar illumination are in the range of
0.01 �A. Both samples exhibit photoresponse over the
range of 0.1–0.3 eV, indicating that there is a large distribu-
tion in the lateral dimension of the QDs. However, the re-
sponse peaks at different energies. This confirms that the
difference in QD heights between the two samples—evident
from the PL and the S-Pz absorption measurements—is ac-
companied by a difference in the average lateral dimensions.
The spectral response in the small QD sample �E645� peaks
at a higher energy due to stronger lateral confinement, con-
sistent with the reduced base diameter extracted from the
AFM images �Fig. 1 and Table I�. As the photocurrent mea-
surements were conducted in free space, sharp spectral dips
are observed, associated with atmospheric absorption.

In order to characterize the polarization dependence of the
spectra, we measured the response in a 45° wedge configu-
ration �shown schematically in Fig. 3�a�	. Using a linear po-
larizer between the source and the wedge, it is possible to
shine in-plane polarized light on the device �S polarization�.
P polarization is obtained by rotating the polarizer by 90°
with respect to S polarization, resulting in a reduction in the
intensity of the in-plane light component by a factor of 2.
The intensity of the in-plane component follows
�1 /2�sin2���+cos2���, where � is the angle of the polarizer at
the wedge plane with respect to the S polarization. In this
configuration, the absorption of the sapphire substrate �sig-
nificant below 0.22 eV� must be taken into consideration. In
sample E645 �small dots� the MIR peak energy is just above

TABLE I. Results of sample characterization by photoluminescence, IR absorption, and AFM.

Sample
PL peak �FWHM�

�eV�
S-Pz �FWHM�

�eV�
Absorption per pass

�%�
Areal density
�1011 cm−2�

QD diameter
�nm�

QD height
�nm�

E645 3.83 0.83 0.5 12�1 11�2 1.3�0.6

�0.15� �0.1�
E697 3.63 0.75 1.15 4.6�5 16�3 1.3�0.6

�0.25� �0.15�

FIG. 2. Mid-IR spectral response of sample E645 �full line� and
sample E697 �dash line� measured at T�12 K under front illumi-
nation and 10 V bias. Sapphire cutoff is at 0.22 eV.
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this energy threshold while in sample E697 �large dots� it is
well below it, resulting in a significantly attenuation of the
MIR signal.

Figure 3�a� shows the spectral response of sample E645
measured in a wedge configuration at different polarizer
angles. The measured spectra were normalized to the excita-
tion spectral intensity as measured by a flat spectral response
calibrated detector. The spectra show two distinct peaks: one
at 0.23 eV, associated with the S-Px , Py transitions, and the
other at 0.82 eV, assigned to the S-Pz transition. S-Pz is
maximal in the case of P polarization and minimal for S
polarization. In contrast, the S-Px , Py peak intensity drops
approximately by a factor of 2 as the light polarization
changes from S to P, as depicted in Fig. 3�b�. The inset of
Fig. 3�b� shows the fitting of the normalized intensity to the
theoretical expression �1 /2�sin2���+cos2���, demonstrating
the TE nature of the 0.23 eV peak. The observation that the
S-Pz transition retains 20% of the maximal power in S po-
larization is related to scattered light.

The simultaneous observation of both peaks, along with
their polarization dependence, confirms that they are both
due to IB transitions in the QD conduction band. The fact
that the normalized response at 0.82 eV is an order of mag-
nitude stronger than the response at 0.23 eV suggests that
carriers in the Pz states are more mobile than those in the
Px , Py states, as will be discussed in Sec. IV B.

IV. DISCUSSION

In this section we discuss the two main elements that
govern the photocurrent response. The first element is the
optical absorption and its polarization dependence. This as-
pect of the measurement requires an evaluation of the
conduction-band energy levels along with the 3D wave func-
tions. The other element is the transport of excited carriers in
the QDs plane. Since the excited carriers energies are well
below the two-dimensional �2D� quasicontinuum formed by
the WL, models for lateral QDIPs �Refs. 22–24� cannot be
applied, and transport theory for highly localized systems
should be applied.

A. Calculation of the QD electronic structure
and IB absorption

The optical transition from state a to any state a� in the
system is governed by the OS given by the expression


a�a =
2

m0

��a��P�a�2

Ea�a
, �2�

where Ea�a is the transition energy and P is the momentum
operator which dictates the selection rules of IB transitions.
As in atoms, higher OS is associated with transitions from
the ground state to the P shell. The polarization dependence
is mainly due to the flatten shape of the QDs.16 The stronger
confinement in the growth direction splits the P shell, result-
ing in anisotropic absorption. Since in our QDs only the
ground state is filled at low temperature, the S-to-P-shell
transitions are the main transitions observed.

In order to evaluate the energy levels and the wave func-
tions in the QD, we solved numerically the single-band
Schrödinger equation in three dimensions with a constant
effective mass, taking into account the hexagonal shape of
the quantum dot. Extending the numerical method outlined
in Ref. 25, a position- �material-� dependent effective mass
�for GaN and for AlN� was introduced into the Schrödinger
equation

�−
�2

2
�

1

me�hh�
� �x,y,z�

� + Ve�hh��x,y,z��e�hh� = Ee�hh�,

�3�

where � is the reduced Planck’s constant and me�hh�
� is the

electron �heavy-hole� effective mass. The total potential drop
is given by Ve�hh�=�Ec�v�+�, where �Ec�v� is the
conduction- �valance-� band offset, � is the potential due to
the static polarization field in the structure, and e�hh� is the
envelope part of the electron �heavy-hole� wave function.
The conduction-band offset was taken as �Ec=1.8 eV and

FIG. 3. Polarization-dependent spectral response of sample
E645 measured in wedge illumination. �a� Normalized response of
both S-Pz peak at near IR and S-Px , Py peak at mid-IR; S-Pz peak is
10 times larger than S-Px , Py peak. �b� Measurement of S-Px , Py

peak as a function of polarizer angle. At 0° only in-plane compo-
nent exists resulting in maximum response; at 90° with 50% of the
light in-plane polarized, the response reduced by a factor of 2. All
the spectra were normalized by the spectral intensity of the excita-
tion source as measured by a flat spectral response calibrated
detector.
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the GaN isotropic electron effective mass was taken as m�

=0.2m0. All other material parameters can be found in Ref.
26. X-Y are the coordinates in the plane of the QD, where X

is the �112̄0	 direction.
The effect of polarization on the band structure was taken

into account by introducing a constant electric field in the Z
direction. Since the QDs are in a periodic structure, we ap-
proximate the field in the QDs, FQD, and in the barrier,
FB—making use of an equivalent superlattice structure27—as

FQD =
�P

�0

dB

�ddB + �bdD
,

FB = −
�P

�0

dD

�ddB + �bdD
, �4�

where �P is the difference between the total polarization
�piezoelectric and spontaneous� of the QD and the barrier, dB
is the width of the AlN spacer �3 nm� and dD=h+WL is the
sum of the QD height h �measured from the top of the WL�
and the thickness of the WL. �d ��b� is the static dielectric
constant of the QD �barrier�. Although the WL thickness is a
free parameter of the model, it had little effect on the transi-
tion energies as long as the overall height �dD� is constant.
Due to the lattice symmetry—and based on the AFM images
and the spectroscopic measurements, showing no in-plane
polarization sensitivity—lateral elongation was neglected. As

the facets of the QDs are �101̄3� planes, the angle � between
all facets and the pyramid base is constant and equals 32°.
Thus, the QD is completely described by two parameters: the
base diameter �b� and the height �h�.

The calculated 3D wave functions for a QD with h
=1.5 nm and b=8 nm are presented in Fig. 4. The two col-
umns on the right show the contours of the squared absolute
wave functions for the S, Px, Py, and Pz electron states evalu-
ated for vertical and horizontal cross sections at locations

shown in the bottom left drawings. For comparison, the first
three states of the heavy holes hh1, hh2, and hh3, are pre-
sented in the two left columns.

Figures 5�a�–5�c� show the calculated S-Px, S-Pz, and
S-SHH transition energies, respectively, as functions of dot
dimensions �h and b�. SHH stands for the heavy-hole first
state in the valance band �Fig. 4, top left�. The diagonal left
border in Fig. 5 represents the maximum h /b ratio, which is
about 1/4 for �=32°. The calculated S-Px,y transition energy
is significantly lower than that of the S-Pz transition, as ob-
served experimentally �Fig. 3�. The low symmetry in the
plane of the QDs removes the degeneracy of the Px and the
Py states. Since Px is only a few meV lower in energy than
Py and since this splitting hardly depends on QD dimensions,
the Py state is frequently omitted.

The dashed and the full contours in Figs. 5�a�–5�c� are the
outlines of the calculated dimensions of the QD ensembles
for samples E645 and E697, respectively, for which transi-
tion energies were experimentally observed. The dimensions
of these QD ensembles are derived based on FWHM of the
peaks since broadening of the peaks is due to QD size fluc-
tuations. The joint intersections �JIs� of the three ensembles
are shown Fig. 5�d�, representing the dimension range of
QDs concurrently exhibiting all the measured transitions. For
sample E645 �E697� the JI is the small �large� rectangle cen-
tered at a height of 1.6 nm �1.8 nm� and a base diameter of 8
nm �12 nm�. In the evaluation of the S-SHH transition energy
for this figure, a fitting parameter � was introduced, repre-
senting the effect of strain on the band gap. The value of �
was derived to maximize the JI. � will be used later to
compare different effective-mass models.

As seen in Fig. 5, there is a distinct difference between the
S-Pz and the S-SHH equienergy lines, and that of S-Px.
While the first two �Figs. 5�b� and 5�c�	 vary little with the
base diameter, except for a small region near the diagonal

FIG. 4. �Color online� Contours of calculated 3D squared-
absolute wave functions based on effective-mass approximation for
h=1.5 nm and b=8 nm, in a cross-section through the QD center
in Y-Z and in X-Y planes. The two columns on the right show
electron wave functions �S, Py, Px, and Pz� and the two columns on
the left show the first three states in valance band. h, b, �, and WL
are defined in two lowest left drawings showing cross sections
through which wave functions are presented �dotted-dashed line�.

FIG. 5. �Color online� Transition energy as a function of QD
height and base diameter, evaluated by effective-mass approxima-
tion for transitions: �a� S-Px, �b� S-Pz, and �c� S-SHH. Contours
mark ensembles of QD dimensions with experimentally observed
transition energies: dashed lines correspond to sample E645 and full
lines correspond to sample E697 measured peak energies. �d� Inter-
section of the ensembles marked in �a�–�c�, representing the QD
dimensions associated with all three experimentally observed
transitions.

PHOTOCURRENT SPECTROSCOPY OF BOUND-TO-BOUND… PHYSICAL REVIEW B 80, 155439 �2009�

155439-5



border, the energy of the S-Px transition �Fig. 5�a�	 is highly
dependent on this diameter. As a result, S-Px transitions
around 200 meV can be observed even in QDs as large
as 3 nm high and 14 nm base diameter. In comparison,
the S-Px separation energy, deduced from IB absorption
measurements,28,29 is at least five times smaller in InAs QDs,
which have a smaller effective mass. In fact, the higher en-
ergy of the S-Px,y transition is a manifestation of the large
AlN/GaN conduction-band offset and the strong polarization
field that tends to “push” the electron away from the QD
base. Therefore, the electron localization is enhanced by the
polarization field, whereas the hole confinement—close to
the QD base—is weaker. The outer contour lines in Fig. 4
�top row�, enclosing 90% of the wave function, can be used
as a measure of this localization. While for the hole state this
contour coincides with the QD diameter �b�, for the electron
ground state it appears at �2b /3.

The calculated S-Pz and S-SHH transition energies at the
limit of b→� should be compared with experimental data
for quantum wells �QWs� of width h+WL, specifically to the
e1-e2 transition energy between the first and the second QW
subbands and to the interband transition energy e1-hh1,
respectively. Both the calculated limb→� S-Pz and
limb→� S-SHH��� are about 200 meV higher than the ex-
perimental e1-e2 and e1-hh1 QW data.30 This discrepancy
indicates that the effective mass is larger than that assumed
by the isotropic model. However, it is impossible to reconcile
all observed transition energies using a single isotropic effec-
tive mass for any given QD dimensions. By increasing the
effective mass by only 10%, the maximum S-Px transition
energy over the given range of h and b is less than 220 meV,
while the experimental data in the present work clearly indi-
cate that this transition energy can be much larger. These
observations show the necessity of incorporating the
effective-mass anisotropy into the model since S-Px is
mostly affected by the in-plane effective mass whereas S-Pz
is associated with the heavier in-growth direction effective
mass. Using the inverse effective-mass tensor �1 /m��ij �as-
sumed diagonal for simplicity�, Eq. �3� becomes

�−
�2

2 �
i

�
1

mii
��x,y,z�

� + Ve�x,y,z��e = Ee. �5�

Figure 6 shows the difference between the JI dimensions
corresponding to the observed transitions evaluated by vari-
ous effective-mass models. The difference between the
isotropic-mass models with m�=0.2m0 �black line, same as
in Fig. 5�d�	 and the anisotropic one with mxx

� =myy
� =m�

�

=0.18m0 and mzz
� =m�

� =0.22m0 �gray line� is shown in Fig.
6�a�. The effect of anisotropy on the JI can be interpreted as
follows: to maintain the same transition energy with higher
effective mass, the QD dimensions must be reduced. Thus,
the higher effective mass in the growth direction shifts the

S-Pz ensembles �contours in Fig. 5�b�	 in −ĥ; however, it
hardly changes the S-Px,y transitions energy. Therefore, the
JI—determined by the intersection of the S-Pz and the S-Px
ensembles—shifts along the diagonal direction �diagonal ar-
row in Fig. 6�a�	 dictated by the equienergy lines in Fig. 5�a�.
Similarly, the lower in-plane mass shifts the S-Px ensembles

in the b̂ direction. Since the S-Pz equienergy lines are hori-

zontal, the JI also shifts in the b̂ direction �horizontal arrow
in Fig. 6�a�	.

To be consistent with the QW limit, it is essential to in-
corporate nonparabolicity. In our model this is accomplished
by taking an energy-dependent effective mass m�

=m��x ,y ,z ,E�. Following Tchernycheva et al.,30 we ex-
tracted the energy dependence of the GaN electron effective
mass from the dispersion curves using an eight-band k · p
model.31 m�

� �m�
�� was extracted from the dispersion curve

along the �0001	 ��101̄0	� direction. The energy-dependent
effective mass was then fitted to a second-degree polynomial
of the form

m�/m0k = M0k
� + M1k

� �E − Ec� + M2k
� �E − Ec�2, �6�

where Ec stands for the GaN conduction-band edge and k
= � , �. Table II shows the values of the polynomial coeffi-
cients Mik

� . Equations �5� and �6� have to be solved self-
consistently. The numerical solution was obtained by itera-
tions over the eigenvalues �Ei�.

Figure 6�b� shows the change in the JI dimensions evalu-
ated by the anisotropic-mass model �black line, same as Fig.
6�a�	 in comparison with the energy-dependent effective-
mass model �gray line�. The introduction of nonparabolicity
in the z direction shifts the JI dimensions further down in the
diagonal direction �diagonal arrow in Fig. 6�b�	, while the

FIG. 6. Changes in JI dimensions of QDs �small squares: sample
E645; large squares: sample E697� due to the incorporation of �a�
anisotropic effective mass �gray line� as compared to isotropic
�black line�. �b� Anisotropy and nonparabolicity �gray line� as com-
pared to anisotropy �black line, same as gray in �a�	.
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in-plane nonparabolicity shifts it in the −b̂ direction �hori-
zontal arrow in Fig. 6�b�	, indicating the increase in the in-
plane mass at the Px,y energy levels.

Table III demonstrates the influence of the different
effective-mass models on the evaluated characteristic param-
eters. In order for the results to be consistent with the QW
limit, nonparabolicity must be incorporated into the model,
while introducing anisotropic effective mass is essential to
obtain S-Px transition energy in the range of 100–300 meV,
in agreement with the our experimental data.

The average QD dimensions as deduced from the nonpa-
rabolic model are 6 nm �9 nm� base diameter and 0.8 nm �1.1
nm� height for sample E645 �E697�. These values are signifi-
cantly lower than the dimensions deduced by AFM �Table I�.
We attribute this difference to the inaccuracy of the AFM
measurements, which results from the high QD density �in
the range of 1012 cm−2�, and the convolution of the AFM tip
with the small QDs, as commented in Sec. II. Indeed,
HRTEM measurements, preformed on similar samples, show
that the dot lateral dimensions are in the range of 5–15 nm,18

in agreement with our model. Moreover, for the areal density
in our samples, of about 1012 cm−2, the QD diameter should
be less than 10 nm.

In the evaluation of the OS by Eq. �2�, the states a� and a
are the full wave functions, including the Bloch and the
envelope-function parts. Taking the entire electronic spec-
trum, the OS obeys the Thomas-Reiche-Kuhn sum rule
�a�
a�a=1, valid for every initial state a. The sum is taken
over all final states a�. As intra-conduction-bands represent
only a fraction of the electronic spectrum, the partial sum-
mation over IB transitions can exceed unity since the OS for
downward transitions, associated with the emission of pho-
tons, is negative. If one uses only the envelop-function part

to evaluate the OS, the momentum matrix element �a��P�a
has to be modified. In the most general case, where the ef-
fective mass is both space and energy dependent, Sirtori et
al.32 showed that for intra-conduction-band transitions in
QWs the momentum matrix element should be evaluated by

�ae�pz�ag =
1

2
�e�

m0

m��z,Ee�
pz + pz

m0

m��z,Eg�
�g , �7�

where e�g� are properly normalized envelope functions. In
the case of QDs, where the inverse effective-mass tensor is
diagonal, Eq. �7� becomes

�ae�pi�ag =
1

2
�e�

m0

mii
��x,y,z,Ee�

pi + pi
m0

mii
��x,y,z,Eg�

�g ,

�8�

where pi= px , py , pz. Using Eq. �8�, we evaluate the OS in the
X, Y, and Z directions. Figure 7 shows the scaled OS of the
S-Px transition, 
S-Px

x / �m0 /M0�
� �, for light polarized in the X

direction as a function of QD dimensions. Two models are
compared: the one including nonparabolicity �Fig. 7�a�	 and
the one for anisotropic �parabolic� effective mass �Fig. 7�b�	.

In order to clarify how the nonparabolicity and the inter-
nal field affect the OS, we compare the three configurations
demonstrated in Figs. 7�c�–7�e� �denoted as configuration
�c�–�e�	. These figures show the first three energy levels in a
QD of the same height, but of different base diameters. The
main difference between the three configurations is the de-
gree of confinement of the S state with respect to the Px,y
states, governed by a combination of the lateral dimensions
and the Stark shift due to the internal field. In configuration
�c�, corresponding to the QDs with the smallest base diam-
eter, there is no further confinement due to the polarization
field �neither for the Px,y states nor for the S state�; thus, the
overlap between the S and the Px,y wave functions is the
largest and the OS is the biggest. As the QD base diameter
increases, the configuration evolves to �d�, in which only the
S state is further confined by the internal field, and thus the
OS is reduced. In configuration �e� both S and Px,y are further
confined by the field and the OS is larger than in �d�. The
transition from configuration �d� to �e� is marked by dotted
lines in Figs. 7�a� and 7�b�. Configuration �e� appears only if

TABLE II. Second-degree polynomial coefficients of the in-
plane and the out-of-plane effective masses.

M0
�

�dimensionless�
M1

�

�eV−1�
M2

�

�eV−2�

�m� /m0�� 0.22 0.068 0.003

�m� /m0�� 0.18 0.054 0.004

TABLE III. Comparison of characteristic parameters derived with various effective-mass models.

�
�meV�

lim

h=0.5 nm
b→�

S-Pz /SHH

�eV�

lim

h=1 nm
b→�

S-Pz /SHH

�eV�

Average aspect ratio �h /b�

E645 E697

m�=const 370 1.1/4.32 0.95/3.94 1/5 1/6

m�=m��x ,y ,z� 350 1.02/4.27 0.92/3.91 1/5 1/6

m�=mii
��x ,y ,z� 200 0.97/4.15 0.88/3.85 1/6 1/7

m�=mii
��x ,y ,z ,E� 70 0.9/3.89 0.75/3.53 1/8 1/8

Experimental value 130a 0.92/3.92b 0.78/3.45b 1/8c 1/10c

aThis value represents the increase in GaN band gap due to strain, evaluated by an eight-band k · p model
�Ref. 31� for pseudomorphic biaxial strained GaN over AlN bulk.
bReference 30.
cDeduced from AFM images.
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the QD volume is large enough. In this configuration the OS
is highly sensitive to the transition energy since larger tran-
sition energy results in a reduced overlap. Increasing the QD
volume by enlarging the height �with a constant base diam-
eter� reduces its truncated top facet and increases the S-Px,y
transition energy �see Fig. 5�a�	. Therefore, the OS decreases
as h increases.

When comparing the OS obtained by the nonparabolic
model with the one obtained by the parabolic model, it is
important to consider the same configuration. In configura-
tion �c�, the introduction of nonparabolicity reduces the OS
by about 2%, as in the field-free case. In configuration �d�,
since both the nonparabolicity and the internal field reduce
the OS, the total reduction—due to the incorporation of
nonparabolicity—is even larger. Interestingly, in configura-
tion �e� �which covers most of the QD-size range� the OS is
up to 2% larger in the nonparabolic model, in spite the in-
creased effective mass. This is due to the fact that, for a
given QD dimension, in the nonparabolic model, the S-Px,y
transition energy is smaller �larger overlap�. It should be
noted that as the effective mass is position and energy de-
pendent, the known sum rule for IB, �a�
a�a=m0 /m�, is not
applicable.32,33 Thus, the scaled OS, evaluated above for the
S-Px transition, does not represent a fraction of the total OS.

For larger QDs, the OS of the S-Px,y transitions is smaller.
This is true also in the field-free case and in other material
systems.19 Moreover, it was shown34 that the in-plane OS for
the S-Px,y transitions is further increased when the spacing
between QDs become smaller. Thus, when comparing the
optical response of the two samples shown in Fig. 2, sample
E697—in which the QDs are larger and the density is
lower—is expected to show a slightly weaker response. As
the optical response in the present work was characterized by

transport measurements, the above observation is further
supported by the fact that the tunneling probability, discussed
in the next section, is also larger for small QDs.

To conclude this section we present the electronic spectra,
as evaluated using the nonparabolic model, for a typical QD
in sample E697 �Fig. 8�a�	 and sample E645 �Fig. 8�b�	, with
respect to the conduction-band edge profile, in the Z direc-
tion for a cross section through the center of the QD. The
figures also indicate the location of the WL ��0.5 nm wide�
with a dashed line. The WL thickness is comparable to the
QD vertical dimension. Thus, at the QD center, the effective
width of the potential well in the growth direction is larger
than the QD height, measured from the WL. Using the 3D
wave functions and the energy spectrum, we evaluated the
OS for all the possible transitions from the ground state S,
for light polarized in X, Y, and Z directions. The resulting OS
for S-Px,y and S-Pz transitions is presented in Fig. 8 on a
logarithmic scale �inset�. The asymmetry in the Z direction,
due to the polarization field, gives rise to a somewhat richer
spectrum for Z polarized light. Thus, the OS for the S-Pz
transition is reduced with respect to S-Px , Py.

The main transition for Z polarized light is S-Pz for the JI
dimensions �defined above� in both samples. All the other
possible transitions in the Z direction are significantly
weaker. Calculation of the average value of the OS over the
JI of both samples for the S-Pz transition renders
0.75 m0 /m�, which is the value used earlier to estimate the
number of electrons per dot. Figures 8�c� and 8�d� show the
2D absorption coefficient, given by Eq. �1�, for all the cal-
culated levels of the simulated structures. In this calculation
we assumed a QD density of 1012 cm−2 and a Lorentzian
line shape with a FWHM of 20 meV representing the life-
time broadening.

A comparison between the absorption in Fig. 8�d� and the
photoresponse in Fig. 3�a� emphasizes the unique nature of
the experimental results: while the S-Pz absorption is roughly
the same as S-Px,y, the photocurrent due to the S-Pz absorp-
tion is an order of magnitude larger. This aspect of the result
is discussed in detail in the next section.

B. Electronic transport

In most QDIPs, room-temperature conductivity is due to
thermionic or field emission processes.35 In AlN/GaN
QDIPs, the strong localization, induced by the large band
offset, impedes free-carrier transport. This localization is evi-
dent by the intense photoluminescence observed up to 750
K.36 Nevertheless, lateral transport in AlN/GaN QDIPs may
be facilitated by high QD density. In our case, the average
distance between nearest-neighbor QDs is about 10 nm and
the QD lateral dimension is 6–9 nm; therefore, the AlN bar-
riers in the plane of the QDs are 1–4 nm and interdot tun-
neling is likely. The high density of QDs is essential for
transport in our devices, as evidenced by the absence of con-
ductivity in the reference sample �discussed in Sec. II� which
contains no QDs.

An insight to the origin of the observed photocurrent, due
to BtB transitions within the QDs, is obtained by investigat-
ing the transport mechanism in highly localized systems. As

FIG. 7. �Color online� Mapping of S-Px OS as a function of QD
dimensions for two anisotropic models: upper left �a� energy-
dependent effective mass �nonparabolicity�; lower left �b� energy-
independent effective mass. �c�–�e� show the S and the Px,y energy
levels in QDs with the same height but different base diameters—as
the base diameter becomes larger, both S and Px,y become strongly
affected by the electric field. The dotted lines in �a� and �b� indicate
the transition between configurations depicted in �d� and �e�.
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the optical excitation, in our case, does not generate free
carriers and the number of trapped carriers in the system
does not change, the photocurrent must be related to the
change in transport properties �mobility� as carriers are ex-
cited into different states within the QDs.

Transport between localized states originates from a se-
quence of tunneling events between two sites, known as hop-
ping conductivity. The hopping process is governed by the
transition rate from site i, with energy Ei, to a distant site j
with energy Ej. This rate is often described by the Miller-
Abrahams model37

	ij = ��e−2Rij/�e−�Ej−Ei�/kT, Ej � Ei

e−2Rij/�, Ej � Ei,
� �9�

where � is a parameter related to the attempt frequency and
weakly depends on temperature, k is the Boltzmann constant,
and T is the temperature. In Eq. �9�, e−2Rij/� represents the
tunneling probability, with Rij being the physical distance
separating the two sites and � being the localization length of
the sites. In general, � is determined by the potential sur-
rounding the hopping sites and is directly related to the bar-
rier height. Thus, a larger � associated with shallower levels
represents an increase in the hopping probability. The hop-
ping rate depends exponentially on �; therefore, small
changes in � can lead to measurable changes in conductance.

At low temperature, the states are filled up to the Fermi
level. Thus, hopping is possible only to sites with equal or
higher energies �Ej �Ei�, and the hopping rate decreases ex-
ponentially with the host site energy Ej �Eq. �9�	. In contrast,
under illumination, carriers are excited into levels which are
clearly above the Fermi energy, hence, enabling hopping into
lower energy levels �Ej �Ei�. Therefore, the maximum rate
is achieved by hopping into nearest neighbors. Assuming that
� is the main factor controlling the transport of optically
excited carriers, and that the nearest-neighbor distance is
�10 nm, the ratio between the NIR peak intensity �associ-
ated with transport of carriers in the Pz state� to the MIR
peak intensity �associated with transport of carriers in the
Px,y states, see Fig. 3� leads to a difference of 0.11 nm−1

between the Pz and the Px,y localization parameters
���1 /��. This value sets an upper limit of 9 nm on the
localization length for QDs contributing to the photore-
sponse. This result is in a good quantitative agreement with
the lateral dimensions of the QDs as derived from the simu-
lations.

The behavior of the localization parameter as a function
of energy depends on the dimensions of the system. In
one dimension �1D�, the localization parameter follows
�2m��V−E� /�, where V is the critical energy, taken with
respect to the bottom of the quantum structure. V is referred
to as the mobility edge, above which the states are extended.

FIG. 8. �Color online� Electronic energy level schemes of two QDs, displayed in a cross section of conduction band in the Z �growth�
direction through QD center, evaluated using an energy-dependent effective-mass model. Energy levels of: �a� 1.25-nm-high and 9-nm-base-
diameter QD, corresponding to sample E697, and �b� QD of 0.75 nm high and 6 nm base diameter, corresponding to sample E645. Inset:
scaled OS from S state for X �dashed blue line�, Y �full green line�, and Z �dotted-dashed red� polarizations �log10 scale�. �c� and �d�
Absorption of a single layer of QDs corresponding to spectra presented in �a� and �b�, respectively, calculated for QD density of 1012 cm−2

and Lorentzian line shape with FWHM of 20 meV.
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For higher dimensions, based on dimensionality consider-
ations, Mott found38

1/� = 1/�0�V − E

V
�s

, �10�

where �0 is the localization length far below the mobility
edge and s=1 �s=2 /3� in two �three� dimensions. Taking �0
as the length in which 90% of the S wave function is local-
ized in the X-Y plane, we numerically evaluated �0=5 nm
for a 6-nm-base-diameter and 1.1-nm-high QD �the average
QD dimensions in sample E645 as deduced from the nonpa-
rabolic model�. Using Eq. �10� to evaluate the mobility edge
based on the difference between the localization parameters
of the Pz and the Px,y states, we find that V�1 eV. This
value, being smaller than the conduction-band offset between
GaN and AlN �1.8 eV�, indicates that extended states above
V exist within the two-dimensional WL. The 2D mobility
edge can also be estimated by evaluating the energy of the
first subband in a quantum well of a width equal to the WL
thickness ��0.5 nm� with respect to the average QD ground
states. This approach leads to a mobility edge at �0.8 eV.9

Figure 9 shows schematically the density of states in the
conduction band. In addition, the figure shows the energy
range of S, Px,y, and Pz states of the QD JI �defined in Sec.
IV A� in sample E645, which reflects inhomogeneous broad-

ening due to size fluctuations. It is apparent both from the
simulations and from the evaluation of the mobility edge that
the Pz states are 3D confined, unlike Pz states in similar
InGaAs/GaAs QDs, which usually extend in two
dimensions.23 The 3D confinement of the Pz states is a direct
consequence of the large GaN/AlN band offset and the
conduction-band nonparabolicity which strongly affects the
S-Pz transition energy. As Pz exhausts most of the out-of-
plane OS, no transitions to the WL quasicontinuum could be
resolved.

The inset of Fig. 9 shows the S, Px,y, and Pz states corre-
sponding to QD JI of sample E697. As all QDs in the inter-
section show absorption, the Fermi level must at least coin-
cide with the highest S state of the intersection, marked by �
in the figure and in the inset. While in sample E645 � is
significantly lower than the Px,y range, in sample E697 the
Px,y range is partially overlapping the S range. This finding
may account for the fact that, while in sample E645 the MIR
photoresponse gradually disappears with decreasing energy,
in sample E697 there is an abrupt cutoff at about 100 meV
�Fig. 2�, as QDs in this sample with S-Px,y separation smaller
than 100 meV are filled up to Px,y inclusively.

In order to further characterize the transport mechanism,
we measured the temperature dependence of the dark cur-
rent. In dark conditions, hopping is possible mostly into
higher energy �Ej �Ei in Eq. �9�	 and the conductivity is
determined by the average transport properties of carriers
within kT around the Fermi level. As in our case the Fermi
level is much lower than the continuum, VRH behavior can
be expected. In VRH, there is a competition between the two
exponential factors in Eq. �9�. The first factor e−2Rij/�, related
to the tunneling probability, increases as Rij decreases. The
second factor e−�Ej−Ei�/kT, related to the activation energy, in-
creases with Rij �Wij �Ei−Ej �1 / f�Rij�, where f�Rij� is a
monotonically increasing function of Rij	. Thus, there is an
optimal hopping distance which maximizes the hopping rate.
In his pioneer work on VRH,15 based on statistical argument,
Mott derived an expression for f�Rij�. In Mott’s VRH
�M-VRH� model, the typical energy required for hopping of
carrier from a site with energy i to a distant site j within a
sphere of radius Rij is given by Wij =1 /�Rij

d NF,15 where d
stands for the dimensionality; NF is the density of states at
the Fermi level, assumed to be constant; and � is a numeric
constant. Based on the above relation, one finds that the op-

timal hopping distance is R̄= �� /�NFkT�1/�d+1�. Therefore,
there is a critical temperature, T�=� /�kNFRNN

d+1, for which

the optimal hopping distance R̄ is equal to the nearest-
neighbor distance RNN=1 /�NQD, where NQD is the QD areal
density. For temperatures higher than T�, the transport is via
nearest-neighbor hopping �NNH�. In this regime the first fac-
tor in Eq. �9� is constant �e−2RNN/��; thus, the conductivity
follows a simple activation process with a typical activation
energy WNNH�1 / f�RNN�. Below T�, carriers may optimize
their paths using VRH, resulting in a weaker temperature

dependence. Using R̄ in Eq. �9�, Mott found a temperature-
dependent conductance of the form exp�−�T0 /T�1/�d+1��,
where T0=3d+1 /�NF�d. The dimensionality of the system is
governed by the ratio between the thickness of the media and
the hopping distance. Since, in our case, the GaN epilayer

FIG. 9. �Color online� Schematic of density of states, showing
evaluated mobility edge and AlN/GaN conduction-band offset. Left
section: broadening of S, Px, and Pz states energies due to QD size
inhomogeneity, evaluated for sample E645 using energy-dependent
effective-mass model. Inset: same as the left section, evaluated for
sample E697.
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thickness is about five times smaller than the nearest-
neighbor distance, the system is considered 2D.

Figure 10�a� shows the current-voltage characteristics
measured on sample E645 in dark conditions as a function of
temperature, from 300 to 20 K, at every 10 K. The dark
current decreases monotonically as the temperature is low-
ered. In our experimental setup, only when the dark current
is smaller than a few tens of nA �below 20 K� the MIR
photocurrent could be spectrally resolved.

Figure 11 compares the dark conductance of the two
samples as a function of temperature at low bias �FRNN
=1 meV�kT, where F stands for electric field�. At higher
temperatures the conductance follows an activation behavior
as expected in the NNH regime. Below 150 K �170 K� in
sample E645 �E697�, the temperature dependence becomes
weaker as carriers optimize their path via VRH. The inset of
Fig. 11 shows log10�G� as a function of 1 /T1/3, indicating
that the conductance at temperatures higher than �50 K fol-
lows the 2D M-VRH behavior. Table IV summarizes the
characteristic temperature T0 at the M-VRH regime, the ac-
tivation energy WNNH at the NNH regime, and the crossover
temperature T� obtained on samples E645 and E697. WNNH
and T0 were extracted from the data using least-squares fit-
ting.

The differences between the characteristics parameters,
shown in table IV, are due to the difference in dimensions
and densities of the QDs between the two samples. The ratio
T0

E697 /T0
E645= ��E645 /�E697�2 results in the ratio �E645

=0.6�E697 between the localization lengths of the two
samples. This indicates that the QDs in sample E645 are

smaller than those in sample E697, in accordance with all
other experimental evidence. T� �the crossover to NNH� is
governed by � /RNN

3 =�NQD
3/2 ; thus, the ratio T�E697 /T�E645

= ��E697 /�E645��NQD
E697 /NQD

E645�3/2 renders NQD
E697=0.77NQD

E645, in
qualitative agreement with the QD density as measured by
AFM. At the NNH regime, the activation energy is inversely
proportional to the nearest-neighbor distance RNN,39 which is
consistent with the larger activation energy �WNNH� in
sample E645 �where RNN is smaller�.

The conductance follows M-VRH behavior in the range
of 150 to �50 K. Below 50 K, FRNN becomes comparable
to kT and the conductance behavior depends both on the
temperature and the electric field, resulting in a deviation
from the 1 /T−1/3 dependence �inset of Fig. 11�. Further low-
ering the temperature �Fig. 10�b�	, FRNN�kT and the field
becomes the dominant source of energy for hopping. Thus,
one can relate Wij to the electric field via Wij =qRijF
=1 /�Rij

d NF, which results in a field-dependent hopping dis-
tance �in the field direction� of RF= �q�FNF�−1/d+1. Using RF
to express the hopping rate, one finds a field-dependent con-
ductance of the form exp�−�F0 /F�1/�d+1��, where the charac-
teristic field is given by F0=2d+1 /�qNF�d+1. Note that, at this
regime, the conductivity is no longer temperature dependent.
To validate this behavior, we characterized the dark current
at liquid-helium temperature. Figures 10�b� and 10�c� show
the dark current and the conductance as functions of electric
field, respectively, measured on sample E645. As the tem-
perature is lowered the low field conductance practically
vanishes. However, as the field becomes strong enough, the
current increases exponentially. The least-squares fitting of
log10�G� vs F−1/3 at 4.2 K yields a characteristic field of F0
=2197 kV /cm. It can be seen that, for all temperatures in
the range of 4–15 K, the conductance asymptotically ap-
proaches the F−1/3 dependence at high enough fields.

V. CONCLUSIONS

We studied IB transitions in the IR spectral range in GaN/
AlN QDs using in-plane electronic transport at low tempera-
tures. Based on structural measurements, polarization analy-
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TABLE IV. Fitted parameters for dark conductance in samples
E645 and E697.

WNNH

�meV�
T�

�K�
T0

�K�

E645 21 150 2571

E697 16 170 941
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sis of the spectral response, and theoretical model
considerations, we were able to characterize BtB transitions
within the QDs conduction band. The photocurrent due to
such transitions—showing sensitivity to the size of QDs and
to the states into which carriers are excited—is a direct con-
sequence of the high density of QDs in the studied samples,
which allows hopping transport to take place. The photocur-
rent mechanism is further supported by the dark current tem-
perature dependence showing several characteristics of hop-
ping and also sensitive to the QD size and density.

The optical response at MIR wavelengths is associated
with BtB transitions from the ground state S to the first two
exited states Px and Py. The measurable change in the con-
ductance resulting from these internal transitions in the QDs
was explained by means of modulation of the hopping prob-
ability by the optical excitation. Based on the ratio between
the NIR photocurrent intensity, attributed to transport of car-
riers following an S-Pz excitation, and the MIR photocurrent
intensity, associated with carrier transport following an
S-Px,y excitation, a 2D mobility edge at �1 eV above the
GaN conduction-band edge was derived. This means that for
the given QD dimensions the Pz level is 3D confined, and
further improvement in the transport of Pz excited carriers
can be achieved by using smaller QDs �for shorter wave-

lengths� or by reducing the band offset between the QD and
barriers.

The S-Px,y energy separation in GaN/AlN QDs, character-
ized in this work, is significantly larger than the equivalent
transition energy in In�Ga�As/GaAs QDs. The analysis
shows that the appearance of large energy S-Px,y in GaN/AlN
QDs is due to the strong internal electric field in the QDs
which results in a stronger confinement of the electrons at
the QD top facet. The electron localization in the QDs is also
manifested by the sample transport properties, with a dark
current inversely proportional to the QD density at room
temperature.
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