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The linear and nonlinear behaviour of intersubband transitions of cubic GaN/AlN multi quantum well
(QW) structures in the IR spectral region is investigated. In this study photoluminescence, IR absorption
as well as pump-probe measurements are done. Two cubic GaN/AlN multi quantum wells with Si content
of NSi ~10

19 cm�3 in the cubic GaN quantum wells were grown on 3C-SiC (001) substrate by radio-
frequency plasma-assisted molecular beam epitaxy. A broad IR absorption with a FWHM of 370 meV
was found with a maximum at 0.7 eV, corresponding to the intersubband transition of the multi quantum
wells. The nonlinear optical measurement reveals a clear change of transmission for a pump pulse with
an angle of incidence of 65�. Furthermore, transmission electron microscopy measurements are used to
determine the real layer thicknesses. These thickness values are exploited in the calculation with the
Schrödinger-Poisson solver nextnano³. The simulated transition energies agree very well with the exper-
imental data for the photoluminescence and the absorption measurement.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Intersubband transitions (ISBT) of multi quantum well (MQW)
structures are in the focus of interest for designing several novel
devices like quantum cascade lasers, IR detectors and more. More-
over, structures based on the material system of the group III-
nitrides have numerous advantages, for instance the high stability
against mechanical, thermal, and chemical stress. Therefore struc-
tures containing these materials can be investigated using high exci-
tation power, which is favorable for the optical study of nonlinear
effects. Especially the ISBT in MQW structures can be exploited to
get an insight into nonlinear effects, due to their high nonlinear
response. [1–5] In addition, the inherently large band offset between
GaN/AlN is beneficial for devices based on ISBT such as THz devices,
fast modulators and fast photo detectors [6]. As a result, the ISBT in
these devices can reach the 1.55 mm spectral window (optical C-
band) [7], suitable for devices in the telecommunication area.

Common hexagonal group III-nitrides suffer from large internal
polarization fields along the c-axis resulting in a bending of the
bands and the quantum confined Stark-effect. Due to both effects
the design of modern devices for intersubband transitions in the
hexagonal phase is reasonably complicated [8]. In order to reduce
these effects the growth of hexagonal nitrides in semi-polar direc-
tions is intensively investigated [9]. Another approach is the growth
of the group III nitrides in the cubic phase in the (001) direction on
3C-SiC. Hence, all above listed unfavorable effects can be signifi-
cantly reduced [10,11]. Latest results concerning nonlinear optical
properties of ISBT for cubic GaN/AlN MQWs can be found in [12].

In this work we study the linear and nonlinear optical beha-
viour using a photoluminescence, IR absorption as well as a
pump-probe setup, respectively. The measured IR absorption
shows a broad FWHM of 370 meV and a peak energy of 0.7 eV.
The pump-probe measurements provided an angle- and polariza-
tion dependent transmission change related to the femtosecond
excitation of the ISBT. This is expected for a nonlinear optical
response with participation of ISBT transitions in QW structures.
The transition energies and the energy levels of the QWs were cal-
culated with the Schrödinger-Poisson solver nextnano3 [13]. Fur-
thermore, transmission electron microscopy (TEM) data were
used to compare the expected QW thicknesses with the experi-
mental data, revealing a good agreement.
2. sample description

Two cubic GaN/AlN MQWs were grown on a 100 nm c-GaN buf-
fer layer, which was deposited on a 10 mm 3C-SiC (001) layer on
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top of a 0.5 mm thick Si substrate. For sample A 80 periods of
1.8 nm thick GaN QWs were grown separated by 1 nm wide AlN
barriers (see Fig. 1 left). Sample B contains 20 periods with
1.35 nm GaN QWs and 5 nm AlN barriers (see Fig. 1 right). In both
samples the c-GaN QWs were doped with Si in the order of NSi

~1019 cm�3. The applied growth system consists of a Riber-32
radio-frequency plasma-assisted molecular beam epitaxy (PAMBE)
with standard effusion cells for Ga, Al and Si evaporation. An
Oxford plasma source is used as nitrogen source and the growth
process is monitored in situ by reflection high energy electron
diffraction (RHEED). The growth at a substrate temperature of
TS=720 �C and a nominal excess of one monolayer of Ga at the sur-
face provides the best sample qualities for c-GaN. Deeper insight
into the growth of cubic GaN on 3C-SiC can be obtained in Ref. [14].
Fig. 2. High resolution TEM micrograph of sample B oriented along the <110>
direction of the MQWs taken with a FEI Tecnai G2 F20 microscope.

Fig. 3. TEM intensity contrast profile averaged over the yellow area in Fig. 2
(Sample B). The average QW thickness is ð1:2� 0:1Þnmand the average thickness for
the AlN barriers is ð4:77� 0:46Þnm.
3. Results

3.1. Structural properties

The structural sample properties were obtained by high resolu-
tion X-Ray diffraction (HRXRD) measurements. An average defect
density of the order of D � 2� 1010cm�2 was obtained by measur-
ing the width of the rocking curve close to the (002) reflection.
Atomic force microscopy measurements revealed a surface rough-
ness of 5–6 nm (rms) for 5�5 mm2 areas.

Cross-sectional high resolution TEM bright field images (see
Fig. 2) of sample B are acquired with a FEI Tecnai G2 F20 micro-
scope [15]. A TEM lamella was prepared by focused ion beam using
Ga ions and a final polishing step with an acceleration voltage of
5 kV. The structural quality is comparable to previous measure-
ments on a similar substrate, which also show an equal interface
roughness [16]. For evaluation of the layer thicknesses an intensity
profile of the yellow area in Fig. 2 was used. Due to defects and
thickness fluctuations, the intensity especially for the thick AlN
barriers fluctuates. Thus several line scans in the yellow area are
taken to evaluate an average line scan (Fig. 3). Furthermore a mean
value for the intensity of the AlN barrier was used (visible as blue
lines in Fig. 3.), in order to estimate the layer thicknesses. For the
calculation of the thickness the points, at which the intensity
between the AlN and GaN layers has dropped to the average value
of the materials individual signals, were used (crosses in Fig. 3).
This leads to an average width of ð1:2� 0:1Þnmfor the GaN QWs
and ð4:77� 0:46Þnm for the AlN barriers. For the GaN QWs a layer
thickness of 1.125 nm (5 ML) and 1.35 nm (6 ML) is expected, due
to the monolayer (ML) thickness for c-GaN of 0.225 nm. These two
different layer thicknesses lead to the average width of
ð1:2� 0:1Þnmas measured. The best match of the QW layer thick-
ness with the linear optical measurements exploiting nextnano³
Fig. 1. Sample structure of two MQW samples. Sample A (left) has 80 periods of
1.8 nm GaN QWs and 1 nm AlN barriers. Sample B (right) contains 20 periods of
1.35 nm GaN QWs and 5 nm AlN barriers. Both samples have a Si doping in the c-
GaN QWs in the order of NSi ~ 1019 cm�3.
is 1.35 nm. Although these TEM measurements are taken for a dif-
ferent sample, they can be used to calibrate the nextnano³ transi-
tion energies.

3.2. Linear optical measurements

Photoluminescence (PL) measurements were conducted with a
Nd: YAG laser emitting at 266 nm and a CCD array (Andor iDus
420). Fig. 4 depicts the room temperature interband PL spectrum
of sample A in a semi-logarithmic scale. Two emission bands at
3.20 eV and 3.526 eV are visible. These emission bands could be
assigned to the c-GaN buffer and the MQWs, respectively. Based
on nextnano³ calculations, emission from the MQWs at 3.65 eV
for 1.8 nm well width and at 3.6 eV for 2.025 nm well width is
expected. But to compare these energies with the PL emission,
the exciton binding energy has to be considered. This binding
energy is in QWs increased due to the confinement to 52 meV for
1.8 nm and 51 meV for 2.025 nm thick QWs [17]. The red line in
Fig. 4 correspond to the corrected energy transition for a
2.025 nm thick QW, which is close to the experimental emission.
Apparently the nominally 1.8 nm thick QWs are one monolayer
thicker than intended.



Fig. 4. Semi-logarithmic plot of the room temperature PL spectrum of sample A.
The two emission bands correspond to the c-GaN buffer and the MQWs. The red line
indicates the predicted transition energy of the MQWs calculated by nextnano³
corrected by the expected exciton binding energy.
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The absorption measurements of the ISBT for sample A are
taken with a tungsten light source and a monochromator equipped
with an InGaAs photodiode. Due to the transition matrix element
for ISBT, the incident light must have a component of the electric
field along the growth axis. As a result, we choose a geometry far
off normal incidence. To this end, a waveguide is formed with side
facets polished under an angle of 30�. This way, we achieve ~20
passes through the MQW structure, cf. inset in Fig. 5. Although
the tilted side facets change the angle of incidence of the excitation
light with respect to the MQWs, it is a compromise to increase the
absorption. The incident light arrive perpendicular to the surface of
the 30� facet (cf. inset in Fig. 5). In addition, due to the selection
rules for ISBTs the absorption is only expected for TM polarized
excitation. In order to obtain the absorption spectrum the detected
spectra for TM and TE excitation are subtracted for the MQW sam-
ple. Moreover, a reference sample of 600 nm c-GaN with equiva-
lent 30� facets was used to identify spectral features of the
substrate and the c-GaN buffer layer contained in the absorption
data. The spectrum in Fig. 5 is achieved subtracting the different
TM and TE transmissions through the waveguide structure and
normalize this by the spectrum of the reference. The red curve
indicates a fit curve, as a guide for the eye and for determining
the maximum. This spectrum contains additional oscillations,
which are related to Fabry-Perot fringes caused by the 10 mm thick
Fig. 5. IR absorption spectrum of the ISBT of sample A at room temperature. The
FWHM is 370 meV and the maximum is at 0.7 eV. The inset shows the sample
geometry used for the measurement. The red curve corresponds to a fit function as
a guide for the eye.
3C-SiC layer. All absorption measurements were performed at
room temperature. The absorption maximum at 0.7 eV fits to the
calculated value of 0.73 eV, with only a small deviation of
30 meV. The FWHM of this absorption spectrum is 370 meV. This
FWHM is higher than that cited in literature for both the cubic
[18,6] and the hexagonal [19–21] phase. We think that the strong
coupling of the MQWs through the thin AlN barriers may be the
reason for this broadening. Moreover the TEM measurements for
sample B (Fig. 2, Fig. 3) indicate a fluctuation of the QW thickness,
which is also expected for sample A. This further broadens the
absorption.
3.3. Nonlinear optical measurements

A degenerate femtosecond pump-probe setup was used to
investigate the ultrafast and nonlinear dynamical response of the
ISBT of sample A. This setup contains an optical parametric ampli-
fier (Coherent OPA 9850) emitting 50 fs pulses at 250 kHz repeti-
tion rate. The central wavelength is tuneable from 0.8 to 0.9 eV,
which is close to the ISBT maximum. For this measurement within
the ISBT resonance the waveguide structure shown in the inset of
Fig. 5 cannot be used. Instead of that only a single pass of the exci-
tation and probe light far off normal incidence is used. Previous
investigation of the nonlinear behaviour indicated strong influence
of the Si substrate layer, related to two-photon absorption in bulk
Si. To eliminate this influence the sample was glued onto a fused
silica window and the backside Si was removed mechanically. As
a reference, a SiC/Si sample without any MBE grown layer was pro-
cessed in the same fashion to identify additional features caused by
SiC or SiO2. The results can be seen in Fig. 6. The blue curve belongs
to the TE polarized excitation with 65� angle of incidence, where
no nonlinear effect is measured as expected. This angle is close
to the Brewster angle leading to a better transmission for TM polar-
ized light. Besides the black and the red curve correspond to the
TM polarized light with 0� and 65� angle of incidence as indicated
in the inset. For the angle of 90� normally no coupling is expected,
but the roughness of the interfaces allow for some intensity at this
angle. The coupling between the light and some residual in-plane
components of the electric field in the ISBT is for 65� higher than
for 90�, because the component parallel to the MQW layers is
increased. The pump pulse excites charge carriers into higher
energy levels, such that the absorption of the probe light is
reduced. Additional measurements with variation of the pump
irradiance revealed a third order susceptibility in the order of
Imvð3Þ � 1:1 � 10�20m2=V2 as described in [12].
Fig. 6. Pump induced change of the transmission of the MQW for a central photon
energy of 0.82 eV. The blue curve corresponds to TE polarized light (angle of
incidence 65�). The black and red curves belong to the TM polarization with
different angle of incidences, as can be seen in the inset.



Fig. 7. The peak pump-probe signal for various pump irradiances (central photon
energy 0.81 eV, TM polarization, 65� angle of incidence). The red line is a linear fit.

Fig. 8. Band diagram of sample A (dQW=2.025 nm) at room temperature. Due to
partly strain in the AlN and GaN layers there is no degeneration of the hh and lh
valence bands. The degree of relaxation used for calculations is 0.5.
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Fig. 7 depicts the maximum transmission change at nominally
zero time delay for different irradiance of pump pulses with
0.81 eV central photon energy. The linear behaviour indicates, that
the absorption of the pump pulse doesn’t saturate. For the nonlin-
ear optical susceptibilities, this finding suggests that the pump
probe measurements are restricted to the vð3Þ regime. The pump
power has no significant influence on the temporal shape of the
transients.
3.4. Nextnano³ simulations

Simulations of the band structure are performed in order to
obtain a detailed understanding of the experimental data. A
Schrödinger-Poisson solver (nextnano³ [13]) is used to determine
the energy levels of the structure as well as the allowed transitions.
Calculations with nextnano³ are based on an effective mass model.
For the ration of conduction and valence band offsets between GaN
and AlN a value of 74:26 was assumed [22]. Taking into account
the mechanical strain within the QW structure X-ray measure-
ments show that the degree of relaxation is about 0.5. For such a
degree of relaxation in the QWs inter- and intraband transition
energies are calculated as given in Table 1. In the nextnano³ calcu-
lations no excitonic effects are considered. The exciton binding
energies are calculated separately and are subsequently taken into
account, when comparing with PL data [17]. Details for the simula-
tions parameters and the exciton treatment can be found in [23].

Fig. 8 shows the band diagram of sample A for a QW thickness
of 2.025 nm with the different energy levels at room temperature.
Due to the partly strained AlN barriers the QW is also strained. This
results in an average lattice constant of the MQW structure. In
nextnano³ only pseudomorphical strained or unstrained layers
can be calculated. So the lattice constant of the cubic GaN buffer
layer is adapted to realize a partial strain of the MQW structure
[23]. The transition responsible in photoluminescence is the first
heavy hole to the first electron transition (e1-hh1). For the IR
absorption measurements the first and the second electron levels
take part (e1-e2).
Table 1
Inter- and intraband transition energies calculated with nextnano³ for cubic AlN/GaN
quantum wells with different well widths. The degree of relaxation was assumed to
be 0.5 and no excitonic binding energy was taken into account.

Sample A Sample B

Width (nm) 2.025 1.35 nm
e1-hh1 (eV) 3.60 3.82
e1-e2 (eV) 0.73 1.14
4. Conclusions

The intersubband transitions of cubic GaN/AlN multi quantum
well (MQW) structures are investigated. For the optical character-
ization photoluminescence (PL), IR absorption and pump-probe
measurements are used. The PL revealed two emission bands for
the c-GaN buffer layer and the MQW structure. The IR absorption
data show a broad absorption with a FWHM of 370 meV centered
at 0.7 eV. Nonlinear behaviour was found with a pump-probe
setup, leading to a clear transmission change for a pump pulse with
an angle of incidence of 65� in case of TM polarized excitation. Fur-
thermore, TEM data show a fluctuation of the layer thicknesses,
with a width of 1.35 nm for the GaN QWs. This value was applied
into the simulation with nextnano³, revealing a good match of the
linear optical transitions and the theory.
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