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Optically pumped pulsed emission of short-wave infrared radiation based on intersubband
transitions in GaN/AlN quantum wells is demonstrated. Nanosecond-scale pump pulses are used to
resonantly excite electrons from the ground states to the second-excited subbands, followed by
radiative relaxation into the first-excited subbands. The measured room-temperature output spectra
are peaked near 2 �m with integrated powers of a few hundred nanowatts. The intersubband origin
of the measured luminescence is confirmed via an extensive study of its polarization properties and
pump wavelength dependence, as well as simulations of the quantum well subband structure.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3089840�

Intersubband �ISB� transitions in semiconductor quan-
tum wells �QWs� exhibit several desirable features for many
optoelectronic device applications. So far, they have been
primarily explored in As-based III-V materials, whose rela-
tively small conduction-band offsets �Ec limit the operating
wavelengths to values �3 �m, i.e., in the midwave infrared
range and beyond. Recently, however, novel materials sys-
tems with larger conduction-band offsets have also been con-
sidered for the purpose of extending the operation of ISB
devices to shorter wavelengths. Particularly promising in this
respect are GaN/Al�Ga�N QWs where �Ec can be as large as
1.75 eV. Consequently, these heterostructures can accommo-
date ISB transitions at wavelengths throughout the short-
wave infrared spectral region, including the low-loss trans-
mission window of silica optical fibers.

In recent years, ISB absorption in isolated and coupled
GaN/Al�Ga�N QW structures has been extensively studied
by several groups.1–6 A number of ISB device functionalities
based on these heterostructures have also been demonstrated,
including photodetection,7,8 electro-optic modulation,9 and
ultrafast all-optical switching.10,11 Regarding light emission,
various nitride-based electrically and optically pumped ISB
laser structures have been proposed and theoretically
investigated.12–14 On the experimental side, however, the
progress so far has been limited to one report of cw photo-
luminescence in the 2.13–2.3 �m range with exceedingly
small output powers ��10 pW� requiring highly sensitive
lock-in detection techniques.15 In this letter, we describe the
measurement of ISB light emission from GaN/AlN QWs
pumped with a pulsed optical parametric oscillator �OPO�,
yielding peak output powers of a few hundred nanowatts.
The output spectra are peaked at wavelengths near 2.05 �m,
which represent a new record for the shortest ISB emission
wavelength from any QW materials system.

The material used in this work was grown on a �0001�
sapphire substrate by rf plasma-assisted molecular beam ep-
itaxy. Following nitridation of the substrate, a 1-�m-thick
AlN buffer layer was deposited to serve as a template for

growth of the subsequent GaN/AlN layers. The sample ac-
tive region consists of 200 periods of nominally 18-Å-thick
GaN wells �doped n-type to the level of �2�1019 cm−3�
separated by 26-Å-thick AlN barriers. During deposition of
the AlN layers a small Ga flux was used as a surfactant to
promote two-dimensional growth. Finally, the multiple-QW
structure was terminated with a 70-nm-thick AlN capping
layer. The sample microstructure was studied using a 400
keV JEM-4000EX transmission electron microscope �TEM�.
As illustrated in Fig. 1�a�, cross-sectional TEM images re-
veal high structural quality with smooth interfaces and good
control of the structure periodicity. Some period-to-period
and in-plane thickness variations are visible, but they are
limited to about 1 ML, with the GaN well and AlN barrier
thicknesses estimated to be in the range of 6–8 and 9–10 ML
�with 1 ML�2.6 Å�, respectively.

The QW ISB absorption properties were studied at room
temperature using a Fourier transform infrared �FTIR� spec-
trometer and a liquid-nitrogen-cooled HgCdTe detector. For
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FIG. 1. �Color online� �a� Cross-sectional TEM image of the QW sample
used in this work. �b� Room-temperature ISB absorbance spectrum of the
same sample. The negative dip in the spectrum near 1300 nm is an artifact
of the system response and is not related to the optical properties of the
sample. The inset shows the calculated conduction-band lineup and squared
envelope functions of the three lowest bound states �referenced to their
respective energy levels� of one QW in the active region.
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this measurement, the substrate side of the sample was mir-
ror polished and two opposite facets were lapped at 45° to
obtain a multipass waveguide geometry. Light from the FTIR
internal source was coupled in and out at normal incidence
through these facets. Due to the polarization selection rules
of ISB transitions, only TM-polarized light is absorbed in the
QWs. A measured absorbance spectrum normalized with re-
spect to the system response is plotted in Fig. 1�b�, where the
observed feature is ascribed to ISB transitions between the
ground states �1� and the first-excited subbands �2�. It should
be noted that the �1�→ �3� transitions are also allowed in
these QWs, due to the built-in electric fields of nitride het-
erostructures, which partially break the symmetry of the
bound-state envelope functions. However, the resulting ab-
sorption is still too weak to be unambiguously resolved in
our FTIR transmission spectra.

The multipeaked nature of the absorbance spectrum of
Fig. 1�b� is attributed to the monolayer-scale variations in the
QW thicknesses, which give rise to fluctuations in the ISB
transition energies.4 To confirm this interpretation, the GaN/
AlN QWs were modeled using a self-consistent Poisson and
Schrödinger equations solver, which includes the character-
istic pyro- and piezoelectric fields of nitride heterostructures
and the conduction-band nonparabolicity. All the relevant
material parameters were taken from Ref. 16. Using this
model, the three peaks observed in the measured absorbance
spectrum can be attributed to �1�→ �2� ISB transitions in 6-,
7-, and 8-ML-thick QWs, with all calculated energies within
less than 7% of the experimental values. The inset of Fig.
1�b� depicts the calculated conduction-band lineup and
bound-state squared envelope functions of a 18-Å-thick
�7 ML� QW. The calculated energies of the �1�→ �2� and
�2�→ �3� ISB transitions in this case are 699 and 633 meV,
respectively.

For the light emission measurements, a pulsed OPO was
used to optically pump electrons from �1� to �3�, followed by
relaxation into �2� and corresponding luminescence at the
�3�→ �2� transition energy. The OPO output consists of a
train of pulses with 5 ns width and 20 Hz repetition rate. Its
average power, as measured with a pyroelectric detector, is
approximately 10 mW, corresponding to a pulse peak power
of 100 kW. The measurements were carried out at room tem-
perature, with the sample input and output facets polished at
45° and 90°, respectively. The pump light was delivered to
the sample with a multimode optical fiber, and then focused
at normal incidence onto the 45° input facet with a two-lens
imaging system, producing an estimated spot diameter of
about 300 �m. Broadband quarter- and half-wave retarders
placed before the fiber and a polarizer before the sample
were used to recover and subsequently filter the desired state
of linear polarization for the pump light exiting the fiber. The
emitted light was collected from the 90° output facet and
focused onto the entrance slit of a monochromator by a sec-
ond two-lens imaging system �with an F/1 collection lens
and a germanium plate in place to reject any residual pump
light�. The monochromator output light was finally measured
using a room-temperature extended-range InGaAs detector
with 1.2–2.6 �m spectral response and 45 MHz bandwidth.
To increase the measurement sensitivity, gated detection was
performed using a box-car integrator.

Figure 2 shows two spectra measured at different posi-
tions of the QW sample using a TM-polarized pump at �p
=910 nm �1.362 eV�. The solid lines in the figure are fits to

a modified Gaussian peak, superimposed on a broad pedestal
in the case of Fig. 2�a�. The photon energies of peak emis-
sion and the spectral full widths at half maximum obtained
from these fits are 608 meV �2.04 �m� and 99 meV in Fig.
2�a�, and 602 meV �2.06 �m� and 105 meV in Fig. 2�b�.
These two spectra illustrate the reproducibility of well-
resolved luminescence features across the sample area. The
experimental photon energies of peak emission are close to
the calculated value of the �3�→ �2� transition energy �633
meV in 7-ML-thick QWs, as in the inset of Fig. 1�b��. Fur-
thermore, they are in good agreement �well within the emis-
sion linewidth� with the difference between the pump photon
energy used in the measurements and the experimental value
of 735 meV for the �1�→ �2� transition energy estimated from
Fig. 1�b�. These observations provide strong evidence that
the observed emission is indeed due to optical pumping from
�1� to �3� followed by radiative relaxation from �3� to �2�.
Incidentally, a comparison between Fig. 2 and Fig. 1�b� also
suggests that the �2�→ �1� transitions do not give any appre-
ciable contribution to the detected light.

Further experimental evidence of the ISB nature of the
measured luminescence is summarized in Fig. 3. Figure 3�a�
shows two spectra measured at the same spot under identical
conditions except for the pump polarization, which is rotated
from TM to TE. Essentially no emission is detected in the
latter case, consistent with the polarization selection rules of
ISB transitions. In Fig. 3�b� we plot two spectra obtained
using the same TM-polarized pump wave �at �p=910 nm as
in Figs. 2 and 3�a��, and with a polarizer added to the col-
lection optics after the sample. As expected for ISB light
emission, the luminescence is largely TM-polarized, with a
strong reduction �by a factor of over 3� in the integrated
power when the polarizer transmission axis is rotated from
TM to TE. The small fraction of detected TE light is attrib-
uted to polarization scrambling of the TM-polarized ISB
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FIG. 2. �Color online� Emission spectra measured with a TM-polarized
pump wave at 910 nm �dotted lines�, and modified-Gaussian fits of the
experimental data �solid lines�. The spectra in �a� and �b� were measured at
two different places in the QW sample.
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emission as it traverses the sample, due to the residual rough-
ness in the bottom surface and sidewalls. Finally, Figs. 3�c�
and 3�d� show the evolution of the luminescence spectrum
versus pump wavelength �p for TM-polarized pump light.
The emitted intensity is found to be highly dependent on �p
and to be peaked around �p=910 nm, close to the calculated
value of the �1�→ �3� transition wavelength �931 nm in Fig.
1�b��. This resonant behavior is again consistent with opti-
cally pumped ISB light emission.

The peak integrated power of the detected light pulses is
on the order of a few hundred nanowatts, with typical values
of about 300 nW. Besides the low collection efficiency of the
measurement setup, these values are mainly limited by the
very inefficient �1�→ �3� pump absorption, which is only
weakly allowed in these uncoupled QWs by the parity-
breaking action of the internal electric fields. As a result,
only a negligible fraction of the incident pump power is ac-
tually absorbed in the sample. The estimated ISB radiative
efficiency at room temperature �based on calculated dipole
moments and nonradiative lifetimes� is 4�10−6, which is on
par with that of uncoupled QWs based on other materials
systems. Compared to the only previous report of optically
pumped ISB light emission with GaN/AlN QWs,15 our mea-
sured power levels are over four orders of magnitude higher,
mainly due to the proportionally higher peak pump power
allowed by our pulsed excitation scheme. These results
therefore show that, despite the complexities of nitride het-
erostructures, large electronic populations in excited sub-
bands can be established, and the resulting ISB light emis-
sion scales linearly with the excitation level over an
extensive range spanning several orders of magnitude. This
is an important requirement for the demonstration of nitride-
based short-wavelength ISB lasers. Future work in that di-
rection will focus on the development of more advanced QW
structures providing sufficiently large pumping efficiency
and the possibility of robust population inversion.
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FIG. 3. �Color online� Emission spectra obtained under various excitation conditions. �a� Luminescence spectra measured with otherwise identical TM-
�circles� and TE- �squares� polarized pump waves. �b� Luminescence spectra measured with the same pump wave and passed through a polarizer with
transmission axis oriented along the TM �circles� and TE �squares� directions. �c� Dependence of the emission spectrum on the pump wavelength for �p

�910 nm. �c� Dependence of the emission spectrum on the pump wavelength for �p�910 nm. In �c� and �d� the spectra are shifted relative to one another
vertically for the sake of illustration clarity.
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