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We have investigated the photoluminescence spectra from GaN/AlN asymmetric-coupled quantum
wells grown by metal-organic chemical vapor deposition. Deep ultraviolet photoluminescence peaks
with photon energies up to 5.061 eV and dramatically improved intensities at low temperatures are
identified due to recombination of electrons in the AlN coupling barrier with heavy holes in the GaN
quantum wells. Photoluminescence quenching caused by relocation of photogenerated electrons
under large internal electric fields, inherent in GaN/AlN asymmetric-coupled quantum wells, is
observed. © 2010 American Institute of Physics. �doi:10.1063/1.3462324�

GaN/AlN heterostructures have promising applications
in blue-violet light emitting and laser diodes, due to their
wide band gaps.1,2 On the other hand, GaN/AlN quantum
wells �QWs� and quantum dots �QDs� can be used to achieve
high-speed intersubband �ISB� optoelectronic devices.3,4

GaN/AlN QWs are unique since extremely high internal
electric fields approaching 10 MV/cm are present due to
spontaneous and piezoelectric polarizations. Such large inter-
nal fields induce quantum confined Stark effect. Conse-
quently, the overlap of electron and hole wave functions,
transition energy and recombination rate of QWs are greatly
reduced. Such a charge separation effect can be suppressed
by a staggered structure.5 These strong internal fields can be
exploited to enhance second-harmonic generation6 and quan-
tum cascade detectors.7 However, when these QWs are
grown on nonpolar planes,8 these internal electric fields
vanish.

In this paper, we report our results on GaN/AlN
asymmetric-coupled QWs. In the past, these heterostructures
were primarily utilized in electroabsorption modulators and
frequency doublers based on ISB transitions.9

Multiple GaN/AlN asymmetric-coupled QWs were
grown in a low-pressure vertical VEECO P75 reactor with a
high-speed rotation configuration. The reagents used during
growth were ammonia, trimethylgallium, and trimethylalu-
minum. High-purity hydrogen and nitrogen were used as the
carrier gases. All samples were grown on 2.5-�m-thick un-
doped �or n-� GaN templates grown on c-plane sapphire sub-
strates. Each GaN template was grown at 1070 °C, which
employed a 30-nm-thick GaN nucleation layer deposited at
515 °C with etch-back and recovery growth process.10 The
active layers of the AlN/GaN/AlN asymmetric-coupled QWs
consist of ten periods, see Table I. For comparison, two ad-
ditional samples were grown, each of which consists of mul-
tiple single GaN/AlN QWs, see Table I. Both the AlN and
GaN layers were grown at a temperature of 1070 °C, with
growth rates being 3.6 nm/min and 4.5 nm/min, respectively.

Each sample has a 10-nm-thick GaN layer as the cap.
Photoluminescence �PL� spectra were measured by using

a coherent 3 ps UV beam at 235 nm as the pump which is the
third-harmonic output of a Ti:sapphire laser. The highest av-
erage pump power used in our experiment is 20 mW. Each
sample of multiple GaN/AlN asymmetric-coupled QWs was
mounted on a cold finger of a cryostat with its temperature
being set in the range of 4.2–300 K. For the asymmetric-
coupled QWs, we have identified two apparent transition
peaks in the PL spectrum, see Fig. 1. For sample no. 1, the
transition energies of the two peaks are 3.938 eV �Plow� and
5.061 eV �Phigh�, respectively, see Table I. When the widths
of the two QWs are increased from 2 nm and 1.5 nm to 2.5
nm and 2 nm, respectively, the transition energies for the two
peaks are reduced to 3.722 eV and 4.647 eV, respectively,
due to the decreases in quantum-confinement energies. By
decomposing each of the overall PL spectra into a linear
superposition of the two transition peaks, we have deduced
the ratio of the PL intensities for the higher- and lower-
energy transition peaks to be 8.9 and 17 for sample nos. 1
and 2, respectively, which are anomalously large. Using
NEXTNANO3 eight-band-k ·p Schrödinger–Poisson solver,11

we have plotted the energies of these states and their wave
functions, see Fig. 2. One can see that the transition energies
for e1-hh1 and e2-hh2 are both around 3.851 eV, which is
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TABLE I. Characteristics for four samples are summarized. dAlN and dGaN,
stands for thicknesses of AlN and GaN layers, respectively; Elow stands for
lower-energy transition peak �or the only peak� of asymmetric-coupled �or
single� QWs, whereas Ehigh stands for higher-energy transition peak; Ilow and
Ihigh are integrated intensities of lower- and higher-energy transition peaks,
respectively; FWHM is full width at half maximum; and R stands for ratio
between PL intensities of the higher- and lower-energy transition peaks.

Sample
dAlN /dGaN

�nm�
Elow�FWHM�

�eV�
Ehigh�FWHM�

�eV�
Ilow

�a.u�
Ihigh

�a.u� R

1 4/2/1/1.5 3.938�0.308� 5.061�0.246� 11.3 101 8.9
2 4/2.5/1/2 3.722�0.285� 4.647�0.307� 7.3 121 16.6
3 4/1.5 4.335�0.263� No peak 1 No peak
4 4/2 4.145�0.350� No peak 1.9 No peak
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very close to 3.938 eV deduced from Fig. 1. Since the full
width at half maximum �FWHM� of peak at 3.938 eV is as
high as 308 meV and the widths of two QWs only differ by
0.5 nm, transitions for e1-hh1 and e2-hh2 merged into one
peak at 3.938 eV. However, the confined energy states within
the coupled QWs for both sample nos. 1 and 2 do not support
the higher-energy transition peaks at 5.061 and 4.647 eV,
deduced from our experiment. Indeed, according to our cal-
culations, these two energies are quite close to the transition
energies for the electrons being localized inside the AlN cou-
pling barrier and heavy holes at the two confined energy
states in GaN QWs. Since the coupling barrier in the
asymmetric-coupled QWs is rather thin, the overlap between
the wave functions of the electrons inside the AlN coupling
barrier and heavy holes inside the GaN QWs is large. Due to
the presence of large built-in fields, the wave functions of the
heavy holes have further penetrated into the AlN coupling
barrier. As a result, the overlap between the wave functions
of the electrons inside the AlN coupling barrier and heavy
holes inside the GaN QWs has been further increased by the
strong built-in fields. Thus, the signal of recombination of
electrons inside AlN couple layer and holes in GaN wells
could be stronger than that of electrons and holes in GaN
QWs, which in fact is supported by our PL spectra. The ratio
of Phigh and Plow is even larger for sample no. 2. Such a result
can be attributed to the fact that the wider QWs in sample no.
2 leads to a larger separation of electrons and holes inside the
GaN QWs. This assumption is verified by our experimental

result that the intensity of Plow in sample no. 2 is weaker than
that for sample no. 1. Previously, recombination of the elec-
trons inside an AlN wetting layer and heavy holes in the GaN
quantum dot was used to explain the transition energy as
high as 4.8 eV.12 According to Fig. 1, each of the PL spectra
for the single QWs consists of only a single peak at 4.335 eV
and 4.145 eV for the two different well widths, respectively.
These two energies are significantly higher than those for the
lower-energy transition peaks in the asymmetric-coupled
QWs. The higher energies are caused by the reduction in the
quantum confinement by introducing the second QW in the
asymmetric-coupled QWs and reduction in the coupling bar-
rier width compared with the single QW. Moreover, based on
Fig. 1, the PL intensities for the lower-energy transitions in
the asymmetric-coupled QWs are stronger than those from
the single QW by factors of 11 and 3.8, respectively. Further-
more, the PL intensities for the higher-energy transitions in
the asymmetric-coupled QWs are higher than those from the
single QW by factors as high as 101 and 63, respectively.
Such huge enhancements are caused by the asymmetries of
the coupled QWs, the thin isolating barrier, and large electric
fields, resulting in significantly improved overlaps between
the wave functions of the localized electrons and the heavy
holes, similar to type-II InGaN/GaNAs QWs.13 For the
higher-energy transition peak, electrons are localized in the
AlN barrier and holes are localized in the GaN wells. Since
AlN layers are under tensile stress, their band gaps are sig-
nificantly reduced. Therefore, the PL peak at 5.061 eV could
also originate from the recombination of electrons and holes
being located at each of the 1 nm AlN barriers.

As the sample temperature is increased from 4.2 to
300 K, the integrated PL intensity for the 5.061 eV peak is
decreased by a factor of 16 whereas that for the 3.938 eV
peak is decreased only by a factor of 1.8, see Fig. 3�a�. Using
I= I0 / �1+C exp�−Ea /kT�� to fit the 5.061 eV peak, the acti-
vation energy, Ea, is obtained as 18 meV. Such a value im-
plies that the 5.061 eV transition peak can only maintain a
small amount of its original strength at room temperature, as
illustrated by Fig. 3�a�. However, within 4.2–100 K, the ratio
of the PL intensities for the two peaks is slightly increased,
see Fig. 3�b�, which implies that most of the localized elec-
trons inside the AlN coupling layer move back to the GaN
QWs by thermal ionization when the temperature is higher
than 100 K. The ratio of the PL intensities illustrated by Fig.
3�b� is higher before the PL passes through the 10 nm GaN
cap layer, due to a significantly higher absorption coefficient
of the cap layer at the higher photon energy. Due to the
relocation, the PL intensity at 3.938 eV is expected to in-
crease. In addition, the conduction band edges for the GaN
QWs become flattened since accumulated electron charges
inside the QWs will screen the internal field. Therefore, the
overlap of the wave functions of the electrons and heavy
holes located inside the QWs is increased. These two factors
have compensated for the significant decrease in the PL in-
tensity. The flattened band edges cause the transition peak at
3.938 eV to blueshift, see Fig. 3�c�. In contrast, the transition
peak at 5.061 eV is redshifted, see Fig. 3�c�, which is due to
band gap reduction in AlN when increasing temperature.
However, above 220 K and 280 K, the two transition peaks
at 5.061 eV and 3.938 eV are blueshifted and redshifted,
respectively, which could be attributed to the increasing
probability for the electrons to be scattered to the bound

FIG. 1. �Color online� PL spectra measured at 4.2 K on different samples at
pump power of 6 mW at 235 nm. The signals for sample nos. 3 and 4 are
both multiplied by 20 for clarity.

FIG. 2. �Color online� Typical band diagram of sample no. 1, calculated
using NEXTNANO3 eight-band-k ·p Schrödinger–Poisson solver.
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states inside each coupling barrier by the phonons following
the absorption of the pump beam.

In summary, we have observed deep ultraviolet PL peaks
with their energies as high as 5.061 eV, which are attributed
to the recombination of electrons in the AlN coupling barrier

with heavy holes in the GaN QWs. Compared with the single
QW, the PL intensity is enhanced by two orders of magni-
tude. When the sample temperature is increased, PL quench-
ing is observed due to the relocation of electrons from the
AlN coupling layer to the GaN QWs.
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FIG. 3. �Color online� �a� Integrated PL intensities for two transition peaks
of sample no. 1 vs temperature under pump power of 1.5 mW at 235 nm.
Dots and the squares correspond to data and for Phigh and Plow, respectively;
�b� ratio of PL intensities determined from Fig. 2�a� vs temperature; and �c�
transition energies of two PL peaks vs temperature.
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