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The non-resonant carrier transfer in asymmetric double
quantum wells is studied. Asymmetric cubic GaN/AlxGa1�xN
double quantum wells with Al content of x¼ 0.26� 0.03 were
grown on 3C-SiC (001) substrate by radio-frequency plasma-
assisted molecular beam epitaxy. The barrier thickness d
between a wide quantum well having 2.5 nm thickness and a
narrow quantum well with width of 0.7 nm was varied from 1 to
15 nm. Furthermore, high resolution X-ray diffraction recipro-
cal space maps around the (113) direction provided the Al
content and revealed a partially strain in the AlxGa1�xN barriers
and QWs. The coupling between the QWs was studied by
interband photoluminescence spectroscopy at low temper-

atures. Four clearly distinguishable emission bands at 3.27 eV,
3.37 eV, 3.60 eV, and 3.74 eV are observed and could be
assigned to the different layers. With decreasing barrier
thickness d the photoluminescence intensity from the narrow
QW is strongly reduced, indicating wave function redistribu-
tion from the narrow QW to the wide QW. The emission
energies for the QWs are in good agreement with theoretical
calculations using a Schrödinger–Poisson solver based on an
effective mass model (nextnano3). The PL intensity ratio of the
narrow QW to the wide QW for varied barrier thicknesses
was calculated by exploiting rate equations, revealing a good
agreement between theory and experiment.
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1 Introduction Recently group III-nitrides and their
compounds have been exploited for THz devices, fast
modulators and fast photo detectors [1]. Due to the large
band offset of GaN/AlN heterostructures, these materials are
suitable for devices based on intersubband transitions in
the 1.55mm spectral region (optical C-band) [2]. Using
AlxGa1�xN as compound material enables another degree
of freedom for designing the needed energy levels in the
QWs for such complex devices. For modern optoelectronic
devices based on intersubband transitions like Quantum
Cascade Lasers (QCLs) [2] a suitable intersubband transition
(ISBT) carrier transfer between coupled QWs through thin
barriers is of paramount importance.

Hexagonal group III nitrides suffer from large internal
polarization fields along the c-axis resulting in a bending of the
bands and in the internal quantum confined Stark-effect. Hence
the design of modern devices for intraband transitions in this
system is rather complicated [3]. Furthermore, the electron and
hole wave functions are spatially separated, thus the efficiency

of devices based on interband emission is reduced. As a result,
great effort is made reducing this effect by growing semi-polar
group III nitrides in the hexagonal phase [4]. Another approach
is growing cubic group III nitrides in the (001) direction on
3C-SiC. This avoids the unfavorable effects discussed above
completely along the growth axis. Recent advantages in the
growth of multi quantum well structures of cubic group III-
nitrides lead to the observation of ISBT in the near-infrared
and THz spectral range [1, 5, 6].

In this work, we study the non-resonant carrier transfer
in cubic GaN/AlxGa1�xN asymmetric double quantum wells
(ADQWs) by measuring the intensity ratio of the photo-
luminescence (PL) emission from the narrow and the wide
QW as a function of the thickness of the barrier. Model
calculations of the transition energies were performed with
nextnano[3, 7]. A rate equation model was used for the
carrier transfer between the two QWs. Both the calculated
transition energies as well as the evaluated tunneling rates
are in reasonable agreement with the experimental data.
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2 Experimental
2.1 Sample description Asymmetric cubic GaN/

AlxGa1�xN double quantum wells with an Al content of
x¼ 0.26� 0.03 were grown on a 10mm 3C-SiC (001) layer
deposited on a 1mm thick Si substrate. For the growth a
Riber-32 radio-frequency plasma-assisted molecular beam
epitaxy (PAMBE) system was used adapted with standard
effusion cells for Ga and Al evaporation. Atomic nitrogen is
provided by an Oxford plasma source and the growth
process is in situ controlled by Reflection High Energy
Electron Diffraction (RHEED). The growth of c-GaN and
c-AlxGa1�xN was realized at a substrate temperature of
TS¼ 7208C under one monolayer of Ga excess on the
surface. More details concerning the growth of cubic GaN
on 3C-SiC can be found in Ref. [8]. AFM measurements
revealed an rms surface roughness reaching from 1.9 nm to
2.6 nm for 5� 5mm2 areas.

Directly on the 3C-SiC substrate a 130 nm thick c-GaN
buffer layer was grown. The buffer layer is followed by the
asymmetric double quantum well structure. The barrier
thickness d between a wide quantum well (QWW) having
2.5 nm thickness and a narrow quantum well (QWN) of
width of 0.7 nm was varied between 1 and 15 nm (see
Table 1). The ADQW structure is situated between two
50 nm thick cubic Al0.26Ga0.74N layers. The sample structure
is shown in Fig. 1.

2.2 Structural properties Structural properties were
characterized by high-resolution X-ray diffraction
(HRXRD) reciprocal space map (RSM) measurements.
The defect density of the order of D ¼ 2� 1010 cm�2 was
determined by rocking curve full width half maxima around
the (002) reflection. From the RSM around the (113)
reflection of the ADQW sample with d¼ 15 nm an Al
content of x¼ 0.25� 0.03 could be determined (see Fig. 2).
Besides small variations the Al content of the AlxGa1�xN
barriers of all samples is x¼ 0.26� 0.03 (see Table 1). From
the RSM measurements also the degree of relaxation R of
the layers is provided. All Al0.26Ga0.74N layers are partly
tensilely strained (R¼ 40%) to the GaN buffer layer (see
Table 1), thus an equilibrium lattice parameter is formed
in the ADQW structure leading to partly compressively
strained QWs.

2.3 Nextnano3 simulations Band structure calcu-
lations are needed for a deeper insight into intraband
transitions and carrier transfer phenomena. A Schrödinger–
Poisson solver (nextnano3 [7]) was used to calculate the
energy levels of the ADQW as well as the interband
transitions. Band structure calculations with nextnano3 (nn3)
are based on an effective mass model. The ratio of the
conduction band offset to the valence band offset (CBO:
VBO) used is 74:26 [9] and the bowing parameter for
AlxGa1�xN is b ¼ �0:85 eV [10]. The parameters used
for the nextnano3 simulations are summarized in Table 2.
For AlxGa1�xN all values are linearly interpolated except for
the band gaps. In all calculations, a background n-type
doping of around 5� 1017 cm�3 in AlxGa1�xN and of around
1� 1017 cm�3 in GaN is assumed [11].

Furthermore, the partially compressively strained QWs
and the tensilely strained AlxGa1�xN barriers are taken into
account in the simulations.

Table 1 List of samples with barrier thickness d, the Al content x
and the degree of relaxation R of the AlxGa1�xN barriers.

sample barrier
thickness
d [nm]

Al content x degree of
relaxation R

A1 1 0.26� 0.03 0.40� 0.05
A2 3 0.27� 0.03 0.38� 0.05
A3 5 0.26� 0.03 0.41� 0.05
A4 10 0.26� 0.03 0.38� 0.05
A5 15 0.25� 0.03 0.39� 0.05

Figure 1 Sample structure of the cubic GaN/AlxGa1–xN ADQWs.
The barrier thickness d was varied from 1 nm to 15 nm and the Al
content is x¼ 0.26� 0.03.

Figure 2 Reciprocal space map of the (113) reflex of the cubic
GaN/AlxGa1�xN ADQW A5 with d¼ 15 nm. An Al content of
x¼ 0.25� 0.03 is determined and a partial strain of the barriers
is visible.
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The simulated transition energies at 13K for the
narrow and the wide well are EN

sim ¼ ð3:70� 0:09Þ eV
and EN

sim ¼ ð3:45� 0:04Þ eV. In the nn3 calculations,
no excitonic effects are considered. They are calculated
independently analog to [12] and are taken into account
afterwards. The calculated excitonic binding energies in
the QWN are EN

ex ¼ ð57� 9ÞmeV and for the QWW

EW
ex ¼ ð46� 7ÞmeV. In the growth of the quantum wells,

the well thickness frequently differs by �1 monolayer
(one monolayer (1ML) of cubic GaN is 0.225 nm). The
nn3 simulations predict for a variation of the well width
of �1ML an energy shift of �15meV for the QWW and
�40meV for the QWN, respectively.

In Fig. 3 and Fig. 4 the conduction band edge and the
valence band edges for electrons (e), heavy holes (hh) and
light holes (lh) together with the probability distribution Cj j2
for e and hh are plotted vs. position for the ADQW structure
with a barrier thickness of 1 nm. For clarity, the band

diagrams for the conduction band and the valence band have
been drawn separately. In this presentation, the energy zero
is defined as conduction band edge of cubic GaN. Electrons
in the wide QWs are confined above the conduction band
by about 0.1 eV and electrons in the narrow QWs by about
0.3 eV as indicated in Fig. 3 by the dashed lines e1 and e2,
respectively. As indicated by the probability distribution
C1j j2 of the electrons in the ground state e1 of the wide QW
(green curve) and C2j j2 of the electrons in the ground state e2
of the narrow QW (blue curve) the penetration depths of
the corresponding wave functions are much larger than the
barrier thickness. Therefore, a clear coupling of the two
QWs is proposed and wave function redistribution which can
be described by non-resonant tunneling of the electrons is
expected.

In Fig. 4 equivalent calculations of the band diagram
for the heavy holes in the cubic GaN/AlxGa1�xN ADQW
with a 1 nm thick barrier thickness are depicted (blue curve).
The quantization energies for the wide and the narrow QW
are about 56 meV and 100 meV measured from the hh
valence band of GaN, respectively. Similar to the situation
for the electrons the wave function for the heavy holes in the
states hh1 and hh2 penetrate into the neighboring QW
suggesting significant coupling of the two QW states.

Due to the residual strain in the QW structure the band
gaps for heavy and light holes are slightly different. The
characteristics of the valence band edge diagram for hh
and lh are also shown in Fig. 4 (blue curve for hh valence
band and red curve lh valence band). However, since
the quantization energy of the light holes will be larger
due to their lower effective masses we expect that for PL
measurements no e–lh transitions will be observable at low
temperature.

Additional calculations for the other GaN/AlxGa1�xN
ADQW structures with wider barrier thicknesses showed

Table 2 Parameters used for nextnano3 simulations.

parameter c-GaN c-AlN

Egap, 0K [eV] 3.293 [13] 5.997 [14]
Egap, 300K [eV] 3.23 [13] 5.93 [16]
a [Å] 4.503 [15] 4.373 [17]
me

�/m0 0.19 [18] 0.3 [18]
mhh

�/m0 0.83 [18] 1.32 [18]
mlh

�/m0 0.28 [18] 0.44 [18]
mso

�/m0 0.34 [18] 0.55 [18]
ac [eV] �2.77 [19] �6.8 [19]
av [eV] 2.0 [21] 2.3 [21]
buniax [eV] �1.7 [21] �1.5 [21]
c11 [GPa] 293 [20] 304 [20]
c12 [GPa] 159 [20] 160 [20]
c44 [GPa] 155 [20] 193 [20]
Dso [meV] 15 [13] 19 [26]

Figure 3 Simulation results of the conduction band of the cubic
GaN/AlxGa1�xN ADQW with x¼ 0.26 and a barrier thickness
d¼ 1 nm at 13K.

Figure 4 Simulation results of the heavy hole (hh, blue) and light
hole (lh, red) valence bands of the cubic GaN/AlxGa1�xN ADQW
with x¼ 0.26 and a barrier thickness d¼ 1 nm at 13K. The
probability distribution Cj j2 is plotted for the hh only.
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that coupling is relevant for barrier thicknesses below 4 nm
only. For thick barriers of d> 10 nm nn3 simulations indicate
that no significant coupling will occur.

For optical recombination processes as observed in PL,
the carrier redistribution of both electrons and holes is
relevant to explain the observed changes in PL emission
intensity.

2.4 Optical properties Figure 5 depicts the low
temperature interband photoluminescence measurements at
13K for sample A5 with d¼ 15 nm in a semi-logarithmic
plot. For excitation, a Nd:YAG cw laser with two frequency
doubling steps emitting at 4.66 eV (266 nm) was used. Four
clearly distinguishable emission bands at 3.27 eV, 3.37 eV,
3.60 eV and 3.74 eV are observed. Using four Gaussian fit
functions, the emission bands were determined and they
could be assigned to the c-GaN buffer [13], the wide QWW,
the narrow QWN, and the cubic Al0.26Ga0.74N [10],
respectively. The transition energies of both QWs are
consistent with our calculations by nn3.

In Figure 6, the low temperature PL spectra of GaN/
Al0.26Ga0.74N ADQWs with different barrier thicknesses d
are shown. For better comparison, the PL spectra have been
normalized to the emission of the Al0.26Ga0.74N at 3.74 eV
and are plotted in a semi-logarithmic scale. It can be seen
clearly that under identical excitation conditions the intensity
of the narrow QW IN becomes weaker whereas the intensity
of the wider QW IW increases with decreasing barrier
thickness. This is a clear indication that wave function
redistribution is a relevant effect. The energy shift of the
emission of the wide QW for the sample A1 with the lowest
barrier thickness d¼ 1 nm (pink curve) may be due to a
slightly thicker QW width. The sample A4 with d¼ 10 nm
(blue curve) shows a strong broadening of the emission band

related to the AlGaN emission and the intensity of the wide
QW emission is decreased compared to the other samples.
The AFM, HRXRD and RHEED data of this sample are
consistent with the data of the other samples. But the PL
measurements show a fluctuation of the intensities of the
emission bands for different positions at this sample piece.
This effect is still under investigation.

In the following, the intensities will be described by a
formalism of tunneling rates T(d) for electrons and holes for
barrier thicknesses d [22]

TðdÞ ¼ T04kEðV � EÞ
4kEðV � EÞ þ ððk � 1ÞE þ VÞ2sinh2 d

l

� � ð1Þ

where T0 ¼ h

4mwellL2z
, k ¼ mbarrier

mwell
and l ¼ �hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mbarrierðV�EÞp ;

T0 is the classical period of the electron or hole motion in a
well of thickness Lz, k is the effective mass ratio of the
carriers, and l is the penetration depth of the wave functions
into the barriers, respectively. The energy levels of the
carriers E are provided by nn3 simulations and V is the barrier
height.

We analyze the experimental results by considering the
following processes. Light of the excitation source is
absorbed creating electron hole pairs in the two QWs and in
the surrounding barrier material, the carriers in the barriers
diffuse into the QWW and QWN. These processes are
described by generation rates GW and GN. A fraction of
the generated carriers in the narrow well is tunneling through
the barrier into the wide well with the tunneling rate T(d),
and the rest recombines radiatively with lifetime tN. The
ground state in the wide QW is about 200 meV lower
than in the narrow well. This leads to the following rate

Figure 5 Semi-logarithmic plot of the low temperature PL
spectrum of the cubic GaN/Al0.26Ga0.74N ADQW A5 with
d¼ 15 nm. For excitation a Nd:YAG cw laser with a wavelength
of 266 nm was used.

Figure 6 Low-temperature PL spectra of the cubic GaN/
Al0.26Ga0.74N ADQWs normalized to the emission of
Al0.26Ga0.74N at 3.74 eV. The barrier thickness d varies between
15 nm and 1 nm.
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equation of carrier densities in the narrow (nN) and the wide
(nW) well:

dnN
dt

¼ GN � nN
tN

� TðdÞnN; ð2Þ

dnW
dt

¼ GW � nW
tW

þ TðdÞnW; ð3Þ

and for holes accordingly [22]. Using the steady state
solutions of the above equations, the ratio of the intensities IN
to IW is given by

IN
IW

¼
tW

tN

1þ GW

GN

� �
tW TðdÞ þ GW tW

GN tN

; ð4Þ

where tW and tN are the radiative lifetimes in the two
quantum wells [22]. Recent results of time resolved PL
measurements on decoupled samples estimate that the life
times in both QWs are on the order of t � 180 ps [24]. For
the ratio of the generation rates, the best match with the
experimental data for the uncoupled QW with d¼ 15 nm is
found to beGW=GN ¼ 0:55. These values have been applied
to equation (4).

For Al0.26Ga0.74N the ratio of the effective masses of
electrons and heavy holes is only different by a factor of 4.5
and the barrier potential V for electrons is about 4 times
higher than that for holes. Therefore, the carrier-tunneling
rate is expected to be in the same order of magnitude for both
types of carriers. For that reason, we calculated the tunneling
rate for both electrons and holes. In Table 3 values for the
penetration depth l, T0, and T(d) for different barrier
thicknesses are given for electrons and heavy holes,
respectively. Since in our cubic GaN QWs, the electron
and hole tunneling rates are comparable, photo-induced
space charge built-up effects may be negligible in contrast to
the case of asymmetric InGaAs/InP QWs [25].

Furthermore, for the low temperature, PL measurements
the defects are not ionized, thus as an approximation the non-
radiative recombination is neglected in this simple model.
A quantitative investigation for the decay times of the

different layers exploiting time dependent PL measurements
is still in progress.

Figure 7 depicts the intensity ratio of the emission from
the narrow QW to that from the wide QW as a function of
barrier thickness d. A reduction in the intensity ratio is
observed only for barriers thinner than 4 nm. In structures
with broader barriers, the two QWs are effectively decoupled
and a constant IN to IW ratio is found. For radiative
recombination processes presence of both electrons and
holes is necessary. Therefore, the carrier type with lower
tunneling rate is expected to limit the finally observed
equilibrium intensity ratio in the steady state PL
measurements.

Using Eq. (4), the intensity ratio is calculated for the
carrier transfer processes limited by electron tunneling (blue
curve) and hole tunneling (red curve). As expected, the
limiting hole tunneling process fits better to the experimental
data than the electron tunneling process. The overall
behavior is well explained, however for low barrier
thicknesses a deviation from the calculations is seen,
indicating a reduced tunneling rate (higher IN to IW ratio) for
thin barriers.

The difference between model and experiment can be
explained partly by an uncertainty of 5% for the band
offset at the GaN/AlGaN interfaces and the inaccuracy of
an Al content in the barrier of x¼ 0.26� 0.03. Thickness
fluctuations in the QWs, which may be responsible for
the observed relative broad PL emissions have also to be
considered. Finally, scattering of carriers by defects in
the barriers may increase the transfer time and increase the
IN to IW ratio. Taking all these effects into account, the
experimental data are in good agreement with the proposed
simple model.

Table 3 Calculated values of the penetration depth l, T0, and the
tunneling rate T(d) for electrons (e) and heavy holes (hh),
respectively.

e hh

l [nm] 0.7976 0.8297
T0 [s

�1] 2.1� 1015 4.8� 1014

Tð15 nmÞ ½s�1� 3.4� 10�1 3.6� 10�1

Tð10 nmÞ ½s�1� 9.4� 104 6.2� 104

Tð5 nmÞ ½s�1� 2.6� 1010 1.1� 1010

Tð3 nmÞ ½s�1� 3.9� 1012 1.3� 1012

Tð1 nmÞ ½s�1� 5.3� 1014 1.4� 1014

Figure 7 Intensity ratio IN/IW as a function of barrier thickness d.
The full dots represent measured intensity ratios and the continuous
lines show calculated intensity ratios by Eq. (4) for electrons
(e) (blue line) and heavy holes (hh) (red line).
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3 Conclusion Asymmetric cubic GaN/Al0.26Ga0.74N
double quantum wells with systematic variation of the
barrier thickness d were grown by plasma assisted
molecular beam epitaxy. HRXRD measurements provide
the Al content of x¼ 0.26� 0.03. A partial strain of the
Al0.26Ga0.74N barriers is observed in the RSMs around
the (113) reflection, leading to an equilibrium lattice
parameter with tensilely strained AlxGa1�xN barriers and
compressively strained QWs. PL measurements of an
uncoupled QW structure revealed four clearly resolvable
emission bands, which could be attributed to originate in the
different layers. ADQW structures with barrier thickness
below 4 nm exhibit a clear change in the PL intensity ratio,
indicating considerable redistribution of wave functions. The
carrier transfer is described by a simple tunneling model
considering both electrons and holes. Using the energy levels
calculated with nextnano3 and applying rate equations [22]
for the recombination of electrons and heavy holes in the two
QWs, the barrier thickness dependence of the ratio of the
emission intensities IN to IW is reproduced. However, for
very narrow barriers, the comparison between theory and
experimental data reveal a deviation to our simple model.
Nevertheless, the theoretical and experimental results are in
good agreement.
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