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Optical absorption, emission, and carrier recombination characteristics of Alx Ga1−x N epilayers
(x = 0.17 and 0.33) were systematically studied by means of transmission, photoluminescence (PL),
and time-resolved PL spectroscopy, respectively. A typical energy-gap shrinkage behavior with temperature was observed for both Alx Ga1−x N epilayers by absorption measurements, but an anomalous PL temperature dependence was observed: (i) a decrease-increase-decrease behavior of the
PL peak energy and (ii) an increase-decrease-increase behavior of the spectral width with increasing temperature. We observed that the effective lifetime was enhanced in the temperature region
showing the anomalous temperature-induced emission behavior, reflecting superior luminescence
efficiency by suppressing non-radiative processes. The anomalous temperature-induced emission
shift is attributed to energy tail states due to alloy potential inhomogeneities in the Alx Ga1−x N
epilayers with large Al content.

I. INTRODUCTION
Much interest has been focused on (Al, In)GaN alloys and their heterostructures for applications such as
red-ultraviolet (UV) light emitting devices [1,2], solarblind UV detectors [3], and high-temperature and highpower electronic devices [4,5]. In particular, the ternary
compound Alx Ga1−x N has the potential for use in light
emitting and detecting devices covering nearly the entire
deep-UV region of the spectrum (3.4 - 6.2 eV). Understanding the absorption and emission mechanism as well
as the carrier dynamics in (Al, In)GaN alloys is very important for designing practical devices [6–8]. Recently,
an anomalous temperature dependence of the InGaN
emission peak energy was observed and attributed to localized band-tail states caused by In alloy inhomogeneity
and/or In phase separation [9–11]. Previously, a simi∗

lar anomalous temperature dependence for emission peak
energy has been reported for ordered (Al)GaInP and disordered (Ga)AlAs/GaAs superlattices [12–15]. According to thermodynamical calculations, ternary AlGaN alloys are predicted to not have an unstable mixing region,
and consequently, no phase separation is expected in AlGaN alloys [16]. However, we observed the anomalous
temperature dependence for AlGaN alloys and attribute
it to energy tail states due to alloy potential inhomogeneities. We report optical absorption, emission, and
recombination properties of Alx Ga1−x N epilayers (x =
0.17 and 0.33) as a function of temperature using optical transmission, photoluminescence (PL), and timeresolved PL spectroscopy, respectively.

II. EXPERIMENT
The Alx Ga1−x N thin films (x = 0.17 and 0.33) used
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Fig. 1. Transmission spectra for Al0.17 Ga0.83 N and
Al0.33 Ga0.67 N epilayers in the temperature range from 30 to
300 K. Open circles denote the maximum values of the differential transmission with respect to wavelength, showing a
typical energy-gap shrinkage behavior with temperature. All
spectra are normalized and shifted in the vertical direction
for clarity.

Fig. 2. PL emission spectra for Al0.17 Ga0.83 N and
Al0.33 Ga0.67 N epilayers in the temperature range from 10 to
300 K. The emission peak shows an anomalous S-shaped shift
behavior with increasing temperature (solid circles). Note
that the crossover temperature from redshift to blueshift increases with increasing x. All spectra are normalized and
shifted in the vertical direction for clarity.

in this work were grown by metalorganic chemical vapor deposition (MOCVD) on (0001) oriented sapphire.
The growth temperature was about 1050 o C. Prior to
Alx Ga1−x N growth, a thin ∼ 5-nm-thick AlN buffer
layer was deposited on the sapphire at a temperature of
625 o C. Triethylgallium, triethylaluminum, and ammonia were used as precursors in the Alx Ga1−x N growth.
The Alx Ga1−x N layer thickness was about 1 µm. To
evaluate the Al alloy composition, the samples were analyzed with high-resolution x-ray diffraction measurements using Cu Kα1 radiation. Transmission and PL
experiments were performed using quasimonochromatic
light emission from a Xe lamp dispersed by a monochromator and the 244 nm line of an intracavity doubled cw
Ar+ laser, respectively. Time-resolved PL measurements
were carried out using a picosecond pulsed laser system
for sample excitation and a streak camera for detection.

sistent with the Varshni equation energy-gap shrinkage
with temperature. On the other hand, the PL emission
from Alx Ga1−x N (especially with higher x) did not follow this typical temperature dependence of the energy
gap shrinkage and has interesting attributes not seen in
random homogeneous III-V alloys.
Figure 2 shows the evolution of PL emission spectra as a function of temperature for the Al0.17 Ga0.83 N
and Al0.33 Ga0.67 N epilayers. The PL peak energy (EP L )
clearly shows the “S-shaped” emission shift (decreaseincrease-decrease) behavior with increasing temperature.
For the Alx Ga1−x N epilayer with x = 0.17 (0.33), with
increasing temperature up to TI , where TI is ∼ 20 (90)
K, an initial small decrease in EP L was observed, followed by an increase in EP L in the temperature range
of TI − TII , where TII is ∼ 70 (150) K, and finally, EP L
decreased again with increasing temperature above TII .
Another unusual property of the PL spectra is that the
full width at half maximum (FWHM) shows an anomalous “inverted S-shape” (increase-decrease-increase) behavior with increasing temperature. The temperatureinduced “initial” redshift (region I), blueshift (region II),
and “final” redshift (region III) behavior of the PL peak
position are clearly shown for both samples, in contrast
to the transmission spectra shown in Fig. 1. Note that
the corresponding temperature regions significantly depend on x: with increasing x, the characteristic temperatures TI and TII increase.
To investigate the temperature dependence of the
quantum efficiency η(T ) and the carrier lifetime τ (T ), we
carried out integrated PL intensity and time-resolved PL
measurements, respectively, over the same temperature
range. An analysis of the integrated PL intensity (IP L )

III. RESULTS AND DISCUSSION
Figure 1 shows the evolution of transmission spectra as a function of temperature for the Al0.17 Ga0.83 N
and Al0.33 Ga0.67 N epilayers. Open circles denote the
maximum values of the differential transmission with respect to wavelength. It has been well known that the
temperature dependence of the energy gap follows the
Varshni equation, Eg (T ) = Eg (0) − αT 2 /(β + T ), where
Eg (T ) is the band-gap transition energy at temperature
T , and α and β are known as the Varshni thermal coefficients [17]. Note that the absorption edge (or the maximum values of the differential transmission) for both
the Al0.17 Ga0.83 N and Al0.33 Ga0.67 N epilayers is con-
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dominant for T < TI (region I), and the transition from
radiative to nonradiative recombination occurs at about
TI , for both samples. In region II, in which a blueshift of
the PL peak energy was observed, nonradiative recombination becomes dominant, so the lifetimes and their
differences dramatically decrease. In region III, a typical
temperature dependence of PL spectra was observed and
no sudden change of lifetime occurs.
Fig. 3. Lifetime as a function of temperature for the emission in Al0.17 Ga0.83 N and Al0.33 Ga0.67 N epilayers. Note that
the lower energy side of the PL peak has a longer lifetime
than the higher energy side for T < TII , while there is no difference between lifetimes monitored above (open triangles),
below (open squares), and at (closed circles) the peak energy
for T > TII .

over the temperature range of 10 − 300 K revealed an
increase in the thermal activation energy with increasing Al content. The activation energy (Ea ) estimated
from the relationship IP L = I0 /[1 + A exp (−Ea /kT )] in
the transition region II corresponds to the magnitude of
effective potential fluctuations. The activation energies
are 9.6 ± 1.5 and 44.6 ± 1.8 meV for the Alx Ga1−x N
epilayers with x = 0.17 and 0.33, respectively, reflecting
more effective confinement with increasing x.
Figure 3 shows the temperature dependence of the
carrier lifetimes for the Al0.17 Ga0.83 N and Al0.33 Ga0.67 N
epilayers. The lifetimes were monitored at the peak energy (closed circles), lower energy side (open squares)
and higher energy side (open triangles) of the peak position. We observed that the FWHM is about 17 and 48
meV and the overall lifetime is about 250 and 450 ps at 10
K for the Al0.17 Ga0.83 N and Al0.33 Ga0.67 N thin films, respectively. In both cases, the measured lifetime increases
with decreasing emission energy, and hence, the peak
energy of the emission shifts to the low energy side as
time proceeds, indicating inhomogeneous potential fluctuations in the AlGaN alloys [9]. In Fig. 3, one can find
interesting common features for the two epilayers, as follows. In temperature region I, the change in the measured lifetime is very small, and the difference between
the lifetimes measured above, below, and at the peak
energy is quite large, indicating that radiative recombination processes are dominant. As the temperature is
further increased, the overall lifetime quickly decreases in
region II and is almost constant in region III, reflecting
a strong influence of non-radiative recombination processes. This is further evidenced by a quick decrease in
the difference between lifetimes measured above, below,
and at the peak energy in region II and no difference
through region III. Using the relationship between η(T )
and τ (T ), we found that the transition from radiative
to nonradiative recombination occurs at ∼ 30 and ∼ 80
K for the Al0.17 Ga0.83 N and Al0.33 Ga0.67 N thin films,
respectively. Consequently, radiative recombination is

IV. CONCLUSIONS
We have investigated the optical characteristics of
MOCVD-grown Al0.17 Ga0.83 N and Al0.33 Ga0.67 N epilayers by means of absorption, PL, and time-resolved PL
spectroscopy. A typical energy-gap shrinkage behavior
with temperature was directly observed by absorption
measurements, while an anomalous temperature-induced
emission behavior was observed by PL experiments. The
deviation from the typical temperature dependence of PL
spectra and the temperature range in which the anomalous emission behavior occurs increase with increasing Al
content of the Alx Ga1−x N epilayers. From these results,
we conclude that strong localization of carriers occurs in
Alx Ga1−x N with rather high Al content, and the anomalous temperature-induced emission shift is deeply related
to thermal population in localized energy tail states due
to alloy potential inhomogeneities in the Alx Ga1−x N epilayers.
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