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Photoluminescence (PL) spectra of a quaternary alloy Ing014Alp.105Gaoss1 N thin film grown by low pres-
sure metalorganic chemical vapor deposition (MOCVD) are studied experimentally in the temperature
range of 10-300 K. It is shown that the temperature dependence can be well studied by the Eliseev’s model
to characterize the scale of the exciton-localization effects for the exciton localization energy. Moreover,

the Urbach energy was determined from an analysis of the low-energy side of the PL lineshape. From the
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disorders.

temperature dependence of Urbach energy, the value of Urbach energy can be described by the Einstein
oscillator model which takes into consideration the contributions from both the thermal and structural

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Studies of the optical properties of quantum-confinement
structures based on InAlGaN quaternary alloys are an important
heterostructure engineering tool and have the ability of tuning
the direct band gap in the wide energy range [1-3]. The band gap
energies of the end-point compounds are 0.65 eV for InN, 3.43 eV
for GaN and 6.04eV for AIN at room temperature (RT) [1]. Such
a capability has facilitated enormous potential in ultraviolet (UV)
and deep UV optoelectronic device applications [1-3]. So far, the
high efficiency of InGaN-based light emitting diodes (LEDs) and
laser diodes (LDs) is generally attributed to a strong In-induced
exciton localization that prevents carriers to reach nonradiative
recombination centers (NRCs) [1]. Therefore, efficient visible LEDs
and LDs produced by InGaN ternary alloys are commercially avail-
able despite a very high dislocation density due to heteroepitaxial
growth [5]. Moreover, AlGaN UV-LEDs show a much lower effi-
ciency than InGaN-based LEDs due to difficulties to achieve p-type
conductivity with increasing Al content and to the lack of efficient
exciton localization, which makes carriers very sensitive to NRCs
[5]. Instead of the InGaN or AlGaN systems, quaternary InAlGaN
alloys have been proposed to improve UV-LEDs [2]. Because qua-
ternary InAlGaN alloys can provide a separate control of the band
gap energy and the lattice parameter, thus allowing a reduction of
strain-related defects [5,6] and the built-in electric field in quantum
well heterostructures grown along the c-axis [5,7]. Additionally, In
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incorporation into AlGaN may induce exciton localization leading
to an increasing localization energy for higher In concentrations
[1,5]. Up to now, the basic properties and parameters of InGaN or
AlGaN ternary alloys, the determination of the band gap and its
variation with temperature and composition have been discussed
[5,8,9], however, few reports have focused on the anomalous lumi-
nescence behavior based on the structure of InAlGaN thin films
[3-5].

In this work, we analyze the photoluminescence (PL) spectra of
the heterostructures with a thin InAlGaN layer, determined param-
eters and mechanism of the charge-carrier localization. To obtain
quantitative characteristics of the exciton localization in this inves-
tigated sample, we calculate the parameter o which is a measure
of the dispersion in the exciton-localization energy and the Urbach
energy Ey. The parameter ¢ was determined in the context of
Eliseev’s model [9,10] which was shown to describe satisfactorily
the experimental temperature dependences of the spectral posi-
tion of the PL peak that specifies the radiative and nonradiative
processes in the structure of InAlGaN sample.

2. Experimental

A quaternary alloy sample of Ingo14Alp.105Gaogs1 N thin film was grown by low
pressure metalorganic chemical vapor deposition (MOCVD). Ing014Alo.105Gaoss1 N
thin film with a thickness of about 250 nm was grown on the 2 wm thick GaN/Al, 03
substrate by the low pressure MOCVD with around 25 nm AIN buffer layer to avoid
cracking in the structure. X-ray photoelectron spectroscopy (XPS) was employed to
measure the chemical composition of In, Al and Ga in this as-grown film. The tem-
perature dependence PL measurements were carried out inside a closed-cycle He
cryostat varied from 10 to 300 K by a modified and computer controlled LakeShore
321 model temperature controller with an accuracy of +0.5K using a 5mW/cm?
microchip laser operating at 266 nm as an excitation source. The PL signals were
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Fig. 1. PL spectra from the Ingo14Alp.105Gaopgs1 N and the GaN substrate revealing the significant emissions at several different temperatures in the range of 10-300K. Two
main features are observed at around 3.60 and 3.46 eV, at low temperature of 10K, corresponding to the onset of the Ingg14Alo.105Gaoss1N exciton band and to the GaN

substrate absorption, respectively.

recorded using a spectrometer (Acton SP-2150i) with a 1200 grooves/mm grating
and detected using a cooled GaAs photomultiplier tube.

3. Results and discussion

Fig. 1 shows the PL spectra from the Ingg14Alg105Gaggg1 N and
the GaN substrate revealing the significant emissions at several dif-
ferent temperatures in the range of 10-300 K. Two main features
are observed at around 3.60 and 3.46eV, at low temperature of
10K, corresponding to the onset of the Ingg14Alg.105Gag.gg1 N exci-
ton band and to the GaN substrate absorption, respectively. With
increasing temperature, the emission intensity of the peak at the
low-energy side decreases more quickly than that of the high-
energy side, and it nearly becomes a shoulder at the temperature
of 300K. In this work, we would like to concentrate on the study
of the higher energy side which is due to the Ing g14Alg.105Gaggg1 N
energy level.

The shifts in the PL peak energy (Ep.) of Ingg14Alg.105Gaggg1 N
thin film with temperature are displayed in Fig. 2. The anomalous
luminescence peak energy varies with temperature, with an often-
called S-shaped behavior is observed where the Epy first redshift,
then blueshift and shows monotonous redshift above 100K. The
temperature-dependent Ep; of InAlGaN is quite different compar-
ing with the temperature dependence of the GaN band gap (shown
as the inset). This emission shift is typical of disordered systems and
is attributed to alloy potential fluctuations in the layers [4,10-12].
A similar phenomenon has been reported in the PL spectra of the
structure with InyAlyGay_,_yN layers in a broad temperature range
of 15-300K by Chen et al. [4] to suggest that the localized states
leading to the unusual behavior may come from the size fluctua-
tions due to the inhomogeneous distribution of InGaN-like clusters

and the larger InGaN-like cluster has the lower energy state corre-
sponding to the stronger localized effect [4].

In Fig. 2, three temperature regions can be defined, labeled A, B
and C, and corresponding to a redshift, blueshift and redshift behav-
ior of the Ep.. T; and T, are the terminal temperatures of regions
A and B, respectively. In region A of the temperature range from
10 to 30K, at T<T; (where T; is the temperature of maximum
exciton localization), it is assumed that the exciton can recom-
bine, being trapped in the local minima of the potential. As the
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Fig. 2. The PL peak energy as a function of temperature for Ing14Alp.105Gao.ss1 N
thin film (open squares) and the inset is the temperature dependence of the GaN
band gap (closed circles). The solid curve is least squares fit to Eq. (1) according to
Eliseev’s model.
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temperature rises, weakly localized charge carriers become ther-
mally activated and can either recombine nonradiatively or make
a transition to the deeper localized states, which results in a shift
of the PL peak to lower energies [4,12]. At higher temperatures of
region B from 30 to 100K, the thermal redistribution of the charge
carriers leads to an increased occupation of higher-energy states,
thus the PL peak begins to shift to higher energies, and a maximum
is attained at T=T,, the temperature corresponding to the onset of
the exciton delocalization [4,12]. When the temperature is raised
still further, the PL peak will shift monotonously to lower energies
(aredshift). Consequently, in region C (above 100 K) the Ep| follows
the temperature dependence of the excitonic band gap. In order
to describe the temperature dependence of the PL peak position in
Ing.014Alg 105Gag gg1 N sample under study, we used the well-known
model suggested by Eliseev [10,13]. Fig. 2 shows the experimentally
determined temperature dependence for the energy of the PL peak
in Ing g14Alg 105 Gap.gg1 N which can be described well in the context
of Eliseev’s model. In Eliseev’s model, the temperature dependence
of the PL peak position is expressed as:

axT? o2

T+B kT

where Eg(0), o and B are the Varshni fitting parameters, kg is the
Boltzmann constant, o is the localization parameter which gives
an estimate of the energy of localization, and T is the measured
temperature.

At low temperatures, the PL originates from the recombination
of localized excitons. At temperatures exceeding the exciton-
delocalization temperature T, (about 100K), the behavior of the
PL peak is determined not only by localized excitons occupying
states in the tails of the density of states but also by a considerable
contribution from delocalized excitons. Moreover, at higher tem-
peratures (above 100 K), the PL emission peak shows monotonous
redshift as a result of temperature induced shrinkage of the band
gap of Ing 014Alo 105Gao.gg1 N.

From the context of Eliseev’s model, the fitting yields value
of the parameter o characterizing the dispersion of the exciton-
localization energy at around 10+2meV and the temperature
coefficient,  is around 3.3 x 10~% eV/Kand 8 ~ 730 + 30K s related
to the Debye temperature (®p). Above 100K, the exciton local-
ization energy becomes overshadow by the temperature-induced
band shrinkage and lead to a redshift of the PL peak.

We further discuss the mechanisms of the tail states in our sam-
ple, since the linewidth variation has to be related with the behavior
of the tail states. The low-energy side of the PL lineshape being
mainly related to the localized exciton states whose energy dis-
tribution is described by the Urbach tail of the density of states
[12,14]. Therefore, the Urbach energy (Ey) can be estimated by
analyzing the shape of the spectral lines [12,14]. To determine the
Ey, we focus on the PL spectrum in the low-energy side and the
Urbach tail is described by an exponential function p(E) < exp(E/Ey)
[12,14]. Utilizing this analysis, it is possible to determine the typi-
cal mean localization energy of excitons in the structure containing
thin IH0.0]4A10~105G30‘881 N layer.

On the higher energy side of the main emission peak corre-
sponding to the onset of the Ing g1 Alg.11GagggN exciton band can be
clearly observed from our PL spectra within 10-300 K. The shape of
the low-energy tail of the experimental PL spectrum was analyzed
by fitting with a Gaussian curve. The measured PL spectrum at 60 K
was displayed in the upper left corner inset of Fig. 3, together with
the fitted Gaussian curve as the open circles. The low-energy side
of the fitted Gaussian curve can then be fitted by the exponential
function and Ey is then evaluated to be about 34 meV. Therefore,
a similar fitting procedure can be performed to the other experi-
mental results to obtain the variation of Ey against temperature for
Ing 014Alp.105Gag.gg1 N and is shown in Fig. 3 as the closed triangles.
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Fig. 3. Variation of Urbach energy (Ey) against temperature for Ing o14Alo.105Gao.gss1 N
as the closed triangles. The solid curve represents a fit to Eq. (2). The upper left corner
inset is measured PL spectrum at 60 K displayed together with one Gaussian curve
fitted as the open circles and the Ey is evaluated to be about 34 meV. The extended
dotted line is a theoretical fitted curve to estimate the deviated value to be around
6 &2 meV. For comparison purpose, the Ey of GaN is shown in the lower right corner
inset as the closed circles.

According to the theory of Urbach rule, the Ey should increase with
temperature increasing in the absence of tail states due to thermal
broadening. This is observed for our sample of Ing g14Alg.105Gag.gg1 N
except at the temperature range where the exciton localization
effect is dominant. Those observed anomalous Ey with increasing
temperature might be a characteristic of localization effect [12].
For comparison purpose, the Ey of GaN is shown in the lower right
corner inset of Fig. 3 as the closed circles.

Further consideration of the Ey in Ing g14Alg.105Gaggg1 N, can be
performed as follow: The contribution to Ey as a function of temper-
ature for Ing g14Alp.105Gag.gg1 N can come from both static structural
and dynamic phonon disorders [15,16]. Ey is directly corresponded
to the thermal-induced disorder in semiconductor of high crys-
talline quality, but it becomes larger because of the contributions
from both thermal and structural disorders for non-ideal single
crystals. Hence, from the study of the temperature dependence
of Ey, it is possible to get some information about the interac-
tion of electrons/excitons with phonons. The value of Ey can be
described by the Einstein oscillator model [15,16], which takes into
consideration the contributions from both the thermal and struc-
tural disorders. The contributions to Ey are assumed to be a linear
addition of the thermal and structural disorders. The model can be
expressed as the following:

1

B =4 (e m=5) +? @
where the first term is related to the thermal-induced disorder
with temperature dependence (A is a constant), B is related to the
temperature-independent structural disorders and ® is the Ein-
stein temperature related to the Debye temperature by ®¢ = 3/46)p.

The best fit with the empirical relation of Eq. (2) shown by a solid
line in Fig. 3, is obtained with ® =550+ 25 K. The estimated value
of constant A is about 107 meV and that of B is about 32 meV. Since
the structural disorder is temperature independence, the struc-
tural disorder contributes 32 meV to the Ey from 10 to 300K. The
thermal-induced disorder is about OmeV at 10K and would be
increased with increasing temperature to be about 20 meV at 300 K.
Therefore, we suggest that the structural disorder might dominant
at low temperature and the Ey can be increased with increasing
temperatures by the thermal-induced disorder.
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Since the structural disorders in (In, Al, Ga)-nitride quater-
nary alloys are expected to be related to the alloy compositional
fluctuations [17]. The existence of localized excitons has often
been suggested in the InGaN films and quantum well (QW)
structures because of the In fluctuation [18] and the quaternary
InxAlyGaj_,_yN layers have been considered to be an InGaN-like
alloys by Chen et al. [4]. Then, it seems to be reasonable that the
anomalous Ey in the Ing g14Alg.105Gag.gg1 N comes from the localized
states and these states can be attributed to local compositional fluc-
tuation in the InyAlyGa;__yN film and the InyAlyGa;__,N material
system because mixing of In, Al and Ga atoms occurs on one of
the sublattices [17]. Furthermore, there exists strong immiscibil-
ity between the InN-like or InGaN-like or even high-In and low-In
InAlGaN nanoscale clusters can be easily formed so these clusters
become the localized center of excitons (carriers) [17].

Based on the above results, localization caused by structural
disorder may yield localized positions with different energies,
therefore localized carriers can transfer from higher energy posi-
tions to lower energy positions through a relaxation process. Most
of the photogenerated carriers relax to the energy minimum of the
excited state and then drop back to the ground state by radiative
or nonradiative recombination processes but some carriers may
be trapped in a localized state, originating from the structural dis-
order in the surface [19]. As a rule, the Ey can be increased with
temperatures due to thermal broadening and this is observed for
the Ey of GaN in Fig. 3. So, it implies that no localization effect
exists in the GaN. However, the Ey of our In0,014A10_105Gao_881N
decreases with the temperature from 10 to 30K, increases from
30 to 70K as the population of tail states increases, then decreases
from 70 to 100K as the de-trapping occurs. As the temperature
increases further from 100 to 300K, thermally excited carriers in
the delocalized states are captured to the nonradiative recombina-
tion centers. Additionally, the nonradiative transition dominates
the recombination process from 100 to 300K, and the Ey increases
as the temperature increases. To quantify the anomalous Ey behav-
ior, we also measure the mismatch between experimental data and
theoretical fitted curve (extended dotted line). We measure the
deviated value at around the temperature of Ey blueshift maxi-
mum. The measured deviated value is around 6 +2 meV and is also
found to correlate closely with the o (10 - 2 meV) value using the PL
spectra. However, the value using the second method is lower than
the one using the Eliseev’s model. The above discrepancy might be
from the indirect way in which the anomalous Ey behavior relates
to the localization effect.

4. Conclusion
Eliseev’'s model and Urbach rule have been used to char-

acterize the quaternary alloy in the structure containing thin
Ing014Alg 105Gapgg1 N film separated by GaN layer. Temperature

dependence of the PL peak energy in the range of 10-300 K exhibits
anomalous luminescence (S-shaped) behavior in the lower temper-
ature region. The dependence of PL peak position on temperature
indicates, at about 100K, the bound excitons are de-trapped to
become free excitons and free exciton emissions becomes domi-
nant above 100 K. The Urbach energy for the structure under study
is determined by analyzing the low-energy side of the PL lineshape.
The measured exciton-localization energy o is also found to corre-
late closely with the deviated value found using the low-energy PL
lineshape for the Urbach energy. According to the Einstein oscillator
model, the thermal-induced disorder is weaker at low temperature
and the structural disorder is dominant at room temperature.
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