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Carrier localization due to statistical fluctuations in indium gallium nitride alloys has been recognized
to play an important role for the performance of light-emitting diodes, both experimentally and through
theoretical studies. While a random-alloy assumption is usually made, in this work we take into account
the presence of spatial nonuniformities in the indium content on the nanometer scale and we theoretically
analyze their impact on the electronic and optical properties of the alloy and the device. We show that
indium clustering induces tail states in both the conduction and valence bands. This causes a reduction of
the band gap and a broadening of the optical absorption edge. Furthermore, compositional fluctuations in
the active region of the device determine a substantial broadening of the optical emission spectrum and
a decrease of the peak emission energy, in agreement with experimental results. Moreover, the radiative
recombination coefficient increases for an increasing degree of clustering, suggesting a transition to a
quantum-dot-like structure. Finally, the temperature dependence of the radiative coefficient derived for
the nonuniform structures is in good agreement with the experimental results, which show a temperature
behavior opposite to the trend expected from standard theoretical considerations.
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I. INTRODUCTION

Indium gallium nitride is a successful material for
the realization of efficient short-wavelength commercial
light-emitting diodes (LEDs) [1–3]. In fact, (In,Ga)N
potentially covers the whole visible spectrum—thus, in
principle, allowing elimination of phosphor-based down-
conversion and enabling a color-mixing approach, which
would allow the overall white-LED efficiency to be further
increased [4].

Although the technology for (In,Ga)N-based blue and
white LEDs has been successfully commercialized, there
are several material-related issues, such as efficiency
droop, the green gap, compositional nonuniformity, and
the spatial localization of carriers, which are still subject
to debate [5–11]. While structural characterization reveals
a compositional uniformity compatible with the assump-
tion of a random alloy in high-quality structures [12], one
should expect some deviation from such an idealized struc-
ture on the atomic scale. Previous studies show that the
fluctuations in the local indium concentration, even in the
case of a uniform random alloy, lead to the breaking of
translational symmetry and spatial localization of carri-
ers [13–18]. Interestingly, the hole localization, which is
particularly evident in samples containing indium clusters,
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appears to have a strong influence on the alloy properties
[19,20].

In most of the studies conducted so far, the impact of
deviations from a uniform random alloy on the proper-
ties of (In,Ga)N has not been discussed [7,8,13,14,21,22].
Furthermore, the theoretical analysis based on density-
functional theory (DFT) performed on clustered (In,Ga)N
bulk structures [23,24] lacks an appropriately large super-
cell size and a sufficiently large number of random sam-
ples. Thus, a discussion of the role of clustering for the
properties of (In,Ga)N alloys and the performance of
(In,Ga)N-based LEDs, supported by a proper statistical
characterization of the samples, is still needed.

In the present work, we theoretically describe the opti-
cal properties of bulk (In,Ga)N alloys and (In,Ga)N/GaN
single-quantum-well (SQW) LEDs, taking into account the
statistical fluctuation of the alloy composition and the pres-
ence of indium clusters. In particular, we study the transi-
tion from a perfect random alloy toward a nonuniform one.
In Sec. II, we present the theoretical approach used to per-
form the simulations and we describe in detail the method
employed to generate the samples, with several amounts of
nonuniformity. The results of the simulations are shown in
Secs. III A and III B for the bulk material and the device,
respectively. We analyze the outcomes of our study and
compare them with the experimental measurements, in
terms of the energy gap, the optical-absorption coefficient,
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the emission spectra, and the temperature dependence of
the radiative coefficient. We discuss the influence of com-
positional nonuniformity on the optical properties of both
the bulk alloy and the device.

II. THEORETICAL APPROACH

In order to theoretically study the effect of alloy nonuni-
formity on the performance of macroscopic devices, we
use a computational scheme combining continuum and
atomistic models. To obtain the electronic and optical
properties of both the bulk material and the device, we
use an atomistic empirical-tight-binding (ETB) approach
[25,26]. The atomistic structures are first relaxed using
a Keating valence-force-field (VFF) method [27]. The
parameters α and β of the model are computed to repro-
duce the bulk elasticity tensor of the pure materials. In the
random alloy, for each In—N and Ga—N bond, we use the
corresponding bulk values for α and β. Then, we compute
the electron and hole states, from which we calculate the
momentum-matrix elements (MMEs), the optical spectra,
and the density of states (DOS).

For the simulations of the bulk material, we compute
the first 12 electron and 24 hole states at the � point of
the Brillouin zone. We use 10 × 10 × 10 nm3 periodic
supercells with a mean indium content of x = 20%, cor-
responding to a value lying in between those needed to
obtain blue and green quantum-well LEDs. The qualita-
tive results and trends demonstrated in this study, however,
are valid for the whole range of technologically relevant
indium-content values.

The random-alloy samples are generated by substituting
gallium atoms with indium atoms at random, assuming a
spatially uniform substitution probability equal to the mean
indium concentration. Differently, for the nonuniform alloy
we first distribute uniformly a certain percentage of the
indium atoms, which we denote in the following as the
percentage of uniformity in order to identify different struc-
tures. The remaining indium atoms are then distributed
with a spatially varying probability as follows. We first
pick a gallium atom at random. Then we count the indium
atoms around this gallium up to the second-nearest cation
site and we calculate the substitution probability as the
ratio of this number and the available cation sites, leading,
therefore, to a spatial correlation. This is repeated until all
necessary indium atoms are distributed. Note that the total
number of indium atoms is always the same, in order to fix
the mean indium content.

The degree of clustering can be controlled by the per-
centage of uniformly distributed indium atoms, for which
we use values of 100% (random alloy), 80%, 60%, and
40% of the total number of indium atoms. The lower the
percentage, the more clustering can be expected. To obtain
statistically significant results, we simulate 50 structures
for the uniform random-alloy configuration, as well as for

FIG. 1. A schematic view of the simulated structure.

the slightly clustered alloy (80% uniformity). For the other
cases, we use 100 random samples, since the statistical
variations are more pronounced for the strongly clustered
samples.

For the (In,Ga)N/GaN SQW LED, we use a structure as
shown schematically in Fig. 1, assuming a mean indium
content of x = 20% and a well width of 3 nm. The con-
sidered device has the same structural parameters as those
used for the calculations performed by Auf der Maur
et al. [7]. In fact, the present work can be regarded as an
extension of the mentioned study, in which the nonunifor-
mity of the (In,Ga)N alloy was not addressed. Although
spatial variations of the QW thickness can be expected
in real LEDs, and they influence the device behavior as
shown, e.g., in Refs. [22] and [28], here we assume ideal
QW interfaces in order to not mix different effects in our
study. However, well-width variations could be taken into
account in our simulation model, using an approach similar
to that in the analysis of Tanner et al. [22].

All simulations have been performed for a LED oper-
ating point close to the maximum internal quantum effi-
ciency and a periodic supercell of 10 × 10 nm2 is chosen
in the quantum-well plane. To obtain the electrostatic
potential, which is needed to set up the tight-binding
Hamiltonian, and the quasi-Fermi levels at the chosen
operating point, we first solve the one-dimensional (1D)
Schrödinger–drift-diffusion problem, using the TIBERCAD
software [29]. The potential is then projected onto the
atomic positions, thus neglecting variations in the QW
plane. For the calculation of the optical spectra, we com-
pute the first eight electron and 12 hole states in the �, M ,
X , and Y points of the reduced Brillouin zone and we use
the trapezoidal method for reciprocal space integration.

III. RESULTS AND DISCUSSION

In this section, we show the results of the simulations
performed for the In0.2Ga0.8N alloy (Sec. III A) and the
In0.2Ga0.8N/GaN SQW LED (Sec. III B), where the fluc-
tuations of the indium content are taken into account. We
analyze the outcomes of our theoretical derivation and dis-
cuss the comparison with the experimental measurements.
We demonstrate that it is crucial to consider the presence of
compositional nonuniformity in order to properly describe
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the optical properties of both the bulk material and the
device.

A. Bulk In0.2Ga0.8N alloy

In Fig. 2, we show the mean DOS, i.e., the weighted sum
of the DOS values of all random samples. We can clearly
see that indium clustering yields tail states both in the con-
duction and the valence bands and reduces the band gap
by approximately 0.5 eV compared to the uniform alloy,
confirming the results reported in previous studies [24,30–
32]. Moreover, the band-gap values calculated taking into
account the nonuniformities of the samples are in reason-
able agreement with the experimental data found in the
literature [33–35], as reported in Table I for completeness.
Note that for the random-alloy case, only an insignificant
broadening of the band edges is predicted. These band
tails are due to the strong scattering in the energies of
the electron and hole ground states, which increases with
increasing deviation from a uniform alloy. This effect is
associated with increasing localization of the carrier wave
functions, which is correlated with the degree of indium
clustering [36].

(a)

(b)

FIG. 2. The DOS (sample average) for a bulk In0.2Ga0.8N
alloy with several different percentages of uniformly distributed
indium atoms, resulting in several degrees of clustering. The
valence and conduction band states are represented in (a) and
(b), respectively.

TABLE I. The calculated and measured energy-gap values.
The theoretical results are reported for the uniform alloy and the
structure with the highest degree of clustering. The experimental
values 1, 2, and 3 refer to the studies of Wu et al. [33] (absorp-
tion measurements), Moret et al. [35], and Franssen et al. [34]
(PL measurements), respectively.

Energy gap (eV)

This work 2.9
clustering−−−−→ 2.5

Experiment 1 2.7
Experiment 2 2.5
Experiment 3 2.4

Concerning the optical properties of the clustered bulk
In0.2Ga0.8N alloy, it is particularly interesting to ana-
lyze the behavior of the absorption spectrum, shown in
Fig. 3. We observe an increasing broadening of the optical-
absorption edge with an increasing degree of clustering and
the washing out of a double-peak structure at the absorp-
tion edge. These trends are in good agreement with the
experimental results reported by Butté et al. [37] on thick
(In,Ga)N layers, at least under the reasonable assumption
that a growing indium content leads to increased nonuni-
formity. Thus, the optical absorption edge broadening
observed by Butté et al. could be explained by increasing
nonuniformity in the indium distribution.

B. In0.2Ga0.8N/GaN SQW LED

The mean emission spectra of the In0.2Ga0.8N/GaN
SQW LED are shown in Fig. 4 for each considered
percentage of uniformly distributed indium atoms. The
band-gap reduction, induced by the nonuniformity of the
alloy composition, yields a red shift of the peak emis-
sion energy as the degree of indium clustering increases.
Moreover, it can be seen that indium clustering induces
a pronounced broadening of the spectrum. The measured

FIG. 3. The absorption coefficient (sample average) for a
bulk In0.2Ga0.8N alloy with several different percentages of uni-
formly distributed indium atoms, resulting in several degrees of
clustering.
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FIG. 4. The calculated emission spectra (sample average) for
an In0.2Ga0.8N quantum well at several different percentages of
uniformity. The experimental spectrum [38] is depicted by the
gray area.

emission spectrum of a SQW LED with a structure simi-
lar to the simulated one but a slightly lower indium content
[38] is represented by the gray area in Fig. 4. Note that both
the measured peak position and the spectrum width are
better described by the model with a nonuniform alloy. In
particular, the case of 60% uniformity seems to reproduce
the experimental features rather well. The high-energy tail
is well described, while the low-energy tail shows slightly
too little broadening. Note that the 60% uniform sam-
ples are consistent with the atom-probe-tomography (APT)
measurements reported in the literature [9,28] if the limited
APT detection efficiency is taken into account [39]. This is
discussed in detail in Sec. I of the Supplemental Material
[36], where we analyze the indium distribution within the
In0.2Ga0.8N supercell for all the considered percentages of
uniformity.

A scatter plot of the ground-state MMEs, evaluated at
the � point of the Brillouin zone for all the simulated
structures and for each percentage of uniformity, is shown

FIG. 5. The ground-state transition MME, i.e., the MME
related to the optical transition from the electron ground state to
the hole ground state, of an In0.2Ga0.8N quantum well, calculated
at the � point for several different percentages of uniformity. The
results for each simulated sample are visualized as dots, while
the sample average is labeled by black circles.

FIG. 6. The ground-state electron (red) and hole (yellow) wave
functions for the In0.2Ga0.8N quantum well with 40% (maximum
clustering degree) of uniformly distributed indium atoms. Two
structures are represented, corresponding to (right) the minimum
and (left) the maximum value of the MME. The isosurfaces con-
taining 50% of the total ground-state density are shown. Indium,
gallium, and nitrogen atoms are depicted in magenta, green, and
blue, respectively.

in Fig. 5. It can be seen that the increase in the degree
of clustering causes an increasing spread in the calcu-
lated MME values. This behavior is due to the fact that
the carrier localization induced by compositional fluctua-
tions yields substantial statistical variations in the overlap
of the electron and hole wave functions. This is illus-
trated in Fig. 6, where the ground-state electron and hole
wave functions for the structures with the minimum and
maximum MMEs are shown for the largest degree of clus-
tering studied (40% of uniformity). Furthermore, we can
see in Fig. 5 that the MME average value slightly decreases
for small nonuniformity (up to 60% of uniformity) and
then increases for the 40% uniform case. This is because,
with substantial alloy nonuniformity, the indium clustering
may localize both electrons and holes in the same spatial
position, overcoming the quantum-confined Stark effect
(QCSE), as is the case in the left panel of Fig. 6. Indeed,
in such a case, the MME can be considerably larger than
that of the random alloy. Otherwise, due to the QCSE, the
electron and hole states are influenced by the largely inde-
pendent indium-content fluctuations near the upper and
lower QW interface, respectively [7].

The radiative recombination coefficient B for all the
simulated structures and each considered percentage of
uniformity is shown in Fig. 7. The B value for each struc-
ture is calculated assuming constant quasi-Fermi levels
such that the mean carrier density is fixed and equal to
n̄ = p̄ = 5 × 1011 cm−2. The global radiative coefficient
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FIG. 7. The radiative recombination coefficient B of an
In0.2Ga0.8N quantum well for several different percentages of
uniformity. The results for each simulated sample are visualized
as dots and the global B is labeled by black circles.

is defined as B̄ = R̄r/(n̄p̄), where R̄r is the mean radiative
recombination rate, i.e., the weighted sum of the radia-
tive recombination rates of all random samples [7]. As
expected from the behavior of the MME, the indium clus-
tering induces an increment of the spread in the calculated
values of B. However, while the mean ground-state transi-
tion MME decreases up to 60% of uniformity, the global
value of the radiative coefficient increases for increas-
ing nonuniformity. In fact, a higher number of optical
transitions is allowed due to the breaking of the transla-
tional symmetry induced by the presence of disorder, as
confirmed by the increase in the transition-related MME
magnitude for an increasing degree of clustering [36]. Such
an effect causes an increment of the radiative coefficient
value when the nonuniformity of the structure increases.
We could interpret the increase of the global B as the onset
of the transition from QW to quantum-dot-like behavior,
induced by the high degree of clustering, as suggested by
the wave-function localization depicted in Fig. 6.

Finally, in order to obtain the temperature behavior of
the radiative coefficient, we derive the occupation of the
states using several values of temperature and adjusting
the quasi-Fermi levels so that the mean carrier density is
fixed. The temperature dependence of the global B thus
obtained is shown in Fig. 8 for several values of the mean
carrier density. Only for the 100% uniform structure does
the radiative coefficient B̄ decrease with increasing tem-
perature for all the considered values of the mean carrier
density. This is compatible with simple QW theory, which
predicts that B will be proportional to the inverse of the
temperature [40]. For increasing nonuniformity, the tem-
perature dependence of B̄ becomes mostly constant or even
increasing with temperature, in net contrast to the the-
ory. In fact, when nonuniformities are considered, strongly
localized states are present that are located deeply inside
the energy gap of the 100% uniform samples, as we discuss
in Sec. III A. The MMEs related to the low-energy optical

FIG. 8. The temperature dependence of B for an In0.2Ga0.8N
quantum well at several different percentages of uniformly dis-
tributed indium atoms. The solid, dashed, and dotted lines rep-
resent the values obtained for mean carrier densities of 1011,
5 × 1011, and 1012 cm−2, respectively. Experimental data from
Ref. [19] at a carrier density of approximately 1012 cm−2 are
shown by black circles. The results for the 40% uniform struc-
ture are not reported in the figure, since their range of variation
is too wide.

transitions between localized states of nonuniform struc-
tures have lower values with respect to the MMEs asso-
ciated with higher-energy transitions, as shown in Fig. 1
of the Supplemental Material [36]. Thus, at low tempera-
ture, as the occupied states are mostly localized states, the
radiative coefficient is lower with respect to the B value
derived for higher temperatures, when the occupation of
delocalized states becomes more important. Interestingly,
this behavior better matches the measured data presented
by Nippert et al. [19] for a blue multi-quantum-well LED,
presumably having slightly lower indium content, and
reported in the figure by black circles. In particular, the
experimental trend is very similar to the behavior predicted
for the 60% uniform structure with n̄ = 5 × 1011 cm−2.
Note that we are considering the temperature dependence
of B and not its magnitude, which clearly differs from
the experiment since the simulated device does not have
exactly the same structural parameters as those of the LED
analyzed by Nippert et al. [19], so that, in particular, the
QCSE could be different.

IV. CONCLUSIONS

In conclusion, we consider the effect of small to moder-
ate deviations from a random-alloy structure on the opti-
cal properties of bulk In0.2Ga0.8N and a In0.2Ga0.8N/GaN
SQW LED. We find that, accounting for the nonuniformity
of the alloy composition, band tails appear in the calcu-
lated DOS, inducing a reduction of the band-gap energy
and a broadening of the optical absorption edge, in agree-
ment with the experimental results. In turn, the decrease
of the band gap yields a lower peak emission energy of
the LED device, as the degree of clustering increases.
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Furthermore, the indium content fluctuations determine a
substantial broadening of the optical-emission spectrum
of the LED. In fact, both the experimental peak energy
and the width are better described when alloy nonunifor-
mity is taken into account. Nevertheless, with our work
we do not intend to rule out other mechanisms, such as
excitonic effects, interface roughness [22,41,42], and built-
in field and local field effects [16,43], which also lead to
broadening and peak-emission reduction. Finally, when the
presence of nonuniformity is considered, a higher num-
ber of optical transitions is allowed due to the breaking
of the translational symmetry induced by clusters. This
causes the radiative coefficient to increase for an increas-
ing amount of clustering, suggesting a transition to a
quantum-dot-like structure. We find that the experimental
temperature dependence of the radiative coefficient can be
well reproduced when assuming a nonuniform alloy. This
is an interesting result, since the temperature behavior of B
derived by standard theoretical considerations is opposite
to the experimental trend.
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