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We report on optical studies of exciton localization and recombination kinetics in two single 2.2 nm thick
AlxGa1−xN/Alx+0.1Ga0.9−xN quantum well structures (x = 0.55 and 0.6) grown by plasma assisted molecular
beam epitaxy on a c-sapphire substrate. Strong localization potential inherent for both the quantum well and
barrier regions results in merging of the quantum well and barrier emission spectra into a single broad line centered
at 285 nm (x = 0.55) and 275 nm (x = 0.6). Time-resolved photoluminescence measurements revealed surprising
temperature stability of the photoluminescence decay time constant (≈ 400 ps) relevant to the recombination of
the quantum well localized excitons. This observation implies nearly constant quantum e�ciency of the quantum
well emission in the whole range from 4.6 to 300 K.
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1. Introduction

Compact and e�cient light emitters in a middle ul-
traviolet (MUV) spectral range (λ < 300 nm) are re-
quired for numerous applications. AlGaN-based semi-
conductor compounds are currently considered as most
suitable materials for manufacturing the MUV optoelec-
tronic devices. However, AlGaN heterostructures exhibit
a large density of defects (especially in the case of rela-
tively cheap sapphire substrates) and strong electric �elds
induced by spontaneous and piezoelectric polarizations
in AlGaN quantum wells (QWs), causing the quantum-
con�ned Stark e�ect. Both factors harmfully a�ect ra-
diative properties of the AlGaN-based heterostructures
emitting below ≈ 300 nm.
The �gure of merit of the required QW structures is

the internal quantum e�ciency (IQE) at room tempera-
ture, which can be characterized by the amount of reduc-
tion of photoluminescence (PL) intensity with increas-
ing temperature from a cryogenic range (≈ 4 K) up to
300 K. One approach to achieving high IQE in AlGaN
QW structures relies on enhanced carrier localization po-
tential, which reduces migration of charge carriers and
excitons towards centers of nonradiative recombination.
This approach allowed one to obtain IQE in excess of 50%
in Al0.7Ga0.3N/AlN multiple QWs [1] and even 70% in
Al0.35Ga0.65N/Al0.5Ga0.5N multiple QWs [2]. Neverthe-
less, the important issue of the carriers dynamics in Al-
GaN QWs is not fully understood, especially, if the Al
concentration in both QW and barriers is in the range
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60�80%, which results in the most developed exciton lo-
calization potential with characteristic localization ener-
gies as large as ≈ 100 meV [3].
In this paper, we study optical and structural prop-

erties of AlxGa1−xN/AlyGa1−yN QWs, where Al con-
tent in the constituent alloys approach the range of
maximum exciton localization. In particular, we show
that the recombination time of localized excitons in such
structures can be practically independent of temperature
up to 300 K.

2. Experiment

We present data on two characteristic samples (named
further A and B) grown by plasma assisted molecular
beam epitaxy on c-sapphire. The substrate is followed
by a 2.4 µm thick AlN bu�er comprising six strained
3.5 nm thick GaN insertions, whose incorporation aims
at decreasing density of threading dislocations in the
QW region [4�6]. Above the AlN bu�er, 64 and 32 nm
thick AlyGa1−yN barrier layers with a 2.2 nm thick
AlxGa1−xN single QW in between (y > x) are formed by
a digital alloying epitaxy technique [4]. The well/barrier
compounds are Al0.55Ga0.45N/Al0.65Ga0.35N in sample A
and Al0.6Ga0.4N/Al0.7Ga0.3N in sample B.
Structural properties of samples were investigated by

X-ray di�raction. Morphology and emission spatial dis-
tribution were explored by scanning electron microscopy
(SEM) imaging and spatially resolved cathodolumines-
cence (CL), respectively. The emission properties were
investigated by cw (in both samples) and time-resolved
(in sample A) photoluminescence (PL) spectroscopy in
a wide range of temperatures. Cw measurements were
carried out using a Photon Systems HeAg laser (224 nm)
and a cooled CCD camera, whereas a triple-frequency
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femtosecond Ti-sapphire laser (Coherent Mira 900) and
a Hamamatsu streak camera were employed for the PL
studies with time resolution. The width of the laser
pulse and the repetition rate are ≈ 150 fs and 76 MHz,
while the typical average excitation power density is in
the range 0.5�1.0 W/cm2. The excitation wavelength is
≈ 260 nm and total time resolution of the PL setup is
estimated as ≈ 15 ps.

3. Results and discussion

Figure 1 shows typical SEM and CL images taken at
room temperature in the same place of sample A. The
SEM image displays a generally smooth surface with
rare pit-like defects. The captured panchromatic CL sig-
nal is attributed to the spectrally-integrated QW emis-
sion. The spatial distribution of this signal in the CL
image demonstrates certain inhomogeneity of the emis-
sion intensity occurring on the scale of ≈ 1 µm. In addi-
tion, it reveals a rather high density of small dark spots,
which can be attributed to extended defects manifest-
ing themselves as centers of nonradiative recombination.
The spots density roughly correlates with the density of
edge dislocations (4.8 × 109 cm−2), estimated in sam-
ple A from XRD measurements. The respective density
of screw dislocations in this sample is about one order
of magnitude lower (5.1 × 108 cm−2). In sample B the
density of edge dislocations is about twice larger than in
sample A (1.1 × 1010 cm−2) while the density of screw
dislocations is nearly the same (4.0× 108 cm−2).

Fig. 1. SEM image (a) and panchromatic image of CL
(b) of sample A at room temperature.

Figure 2 shows cw PL spectra measured in samples
A and B in a wide range of temperatures up to 300 K.
In both samples, the PL line has a complicated shape
with its full width at half maximum (FWHM) as large as
261 meV in sample A and 217 meV in sample B at low
temperatures. With the temperature increase, the PL
line width slightly decreases. The inset in Fig. 2b displays
the Arrhenius plots for both samples. When the temper-
ature increases, the integrated intensity �rst increases as
well and starts decreasing only above ≈ 200 K. These
observations evidence strong localization of the emitting
excitons in agreement with the structures design. Bear-
ing in mind so strong spectral broadening, we conclude
that the emission spectra of localized excitons in the QW
and barriers should be partly overlapped.

Fig. 2. Temperature dependent spectra of samples A
(a) and B (b) under quasi-cw HeAg laser excitation
(λ = 224 nm). The spectra are normalized to the PL
maximum of sample B at 13 K. The inset in part (b)
shows Arrhenius plots for both samples.

Fitting of the high-temperature part of the curves plot-
ted in the inset in Fig. 2 with the Arrhenius formula
gives activation energy, which is ≈ 60 meV in sample A
and ≈ 100 meV in sample B, whereas the total reduction
of the integrated intensity is ≈ 8 times in sample A and
≈ 3.7 times in sample B. These data indicate stronger ex-
citon localization in sample B that contradicts with the
observation of smaller FWHM of the PL line in this sam-
ple. This contradiction evidences that the shape of the
localization potential in these samples is far from statis-
tically de�ned.
PL decay curves were registered in sample A both at

low (4.6 K) and high (300 K) temperatures (not shown).
At low temperatures, the decay curve can be �tted only
with a model implying three decaying exponents with
characteristic decay time constants τ1, τ2, and τ3. The
decay constant corresponding to the slowest component
τ3 is much longer than the period of the laser pulses
(≈ 13 ns) and, therefore, cannot be �tted precisely. It
disappears at temperatures higher than ≈ 200 K, so that
the decay curve measured at 300 K can be �tted quite
accurately with the model of two decaying exponents. In
fact, so long emission lifetime is not typical for an Al-
GaN QW as narrow as 2.2 nm; it is, probably, governed
by some speci�c features of the localization potential,
whose origin at present is not clear.
The strongest contribution to the spectrum decays

with the intermediate time constant τ2, while the rapidly
decaying emission (τ1) is pronounced only at the higher
energy side of the PL contour. Figure 3 displays spec-
tral dependence of the two decay time constants (τ1
and τ2) both at low and high temperatures. Surprisingly,
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the intermediate decay time constant (τ2) of the domi-
nant emission component is nearly independent of both
emission wavelength and temperature, being equal to
≈ 400 ps. The fast decay time constant τ1 changes from
20�30 ps at the higher-energy part of the PL line to 100�
200 ps in the line maximum. Within the low-energy tail
of the PL line, the spectrum is dominated by an exponen-
tially decaying emission with the decay time constant τ2.

Fig. 3. Spectral dependences of the fast (τ1) and inter-
mediate (τ2) decay time constants measured in sample A
at 4.6 K (a) and 300 K (b). Dashed lines are plotted
only to guide the eye. Dotted lines show for reference
the respective cw PL spectra.

Generally, there are several possibilities to explain the
nonexponentiality at the initial part of PL decay in Al-
GaN QWs. Mickevi£ius et al. [7] interpreted similar ob-
servation in terms of screening by photoexcited carri-
ers of the built-in electric �eld created by spontaneous
and piezoelectric polarization. However, the screening
mechanism described in [7] cannot explain our data com-
pletely, since the essential lower-energy part of the PL
spectrum decays almost exponentially with the decay
time constant τ2. Therefore, we conclude that the ob-
served nonexponentiality rather re�ects the kinetics of
hopping of localized excitons (carriers) between the sites
de�ned by the localization potential. Due to the hop-
ping towards deeper sites, the weakly localized excitons
(carriers) with higher energy can decrease their energy,
which should cause spectral di�usion of the PL line and
nonexponentiality of the decay.
To check this guess, we registered time-resolved PL

spectra at di�erent delay times (not shown), both for
4.6 K and 300 K. At short delays after excitation, the
spectra display two strongly overlapped peaks, which
can be attributed to the emission of the QW and the
barriers. At longer delays the barrier emission quickly

decays that evidences rapid escape of the excitons (car-
riers) localized in the barrier regions towards either the
QW or some nonradiative recombination centers. Within
the QW emission line, however, the spectral di�usion is
negligibly small, indicating the negligibly weak hopping
within the QW localization potential.

4. Conclusions

We have studied recombination and localization ki-
netics of excitons (carriers) in AlGaN QWs with the
strongest possible localization potential both in the QW
and barrier regions, governed by the speci�c composi-
tion of the constituent alloys. Time-resolved PL studies
showed that the distributions of localized states inherent
for the QW and barrier regions strongly overlap, forming
a single emission band. The barrier emission essentially
decays during �rst 1�2 hundreds picoseconds, whereas
the QW emission possesses the decay time constant about
400 ps, which is insensitive to both emission wavelength
within the contour and temperature (up to 300 K).
Cw PL studies of two samples demonstrate rather

moderate quenching of the PL intensity with temper-
ature (8 and 3.7 times with the temperature increase
from 10 to 300 K). Assuming 100% internal quantum
e�ciency at low temperature, these data imply the room-
temperature quantum e�ciencies as high as 13 and 25%.
These �gures, however, include the contributions from
both the QW and barrier emission. The observed stabil-
ity of the QW emission decay with temperature suggests
that quantum e�ciency of the QW emission alone can be
much higher.
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