
PHYSICAL REVIEW B 86, 205203 (2012)

Evolution of superclusters and delocalized states in GaAs1−xNx
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The evolution of individual nitrogen cluster bound states into an extended state infinite supercluster in dilute
GaAs1−xNx was probed through temperature and intensity-dependent, time-resolved and magnetophotolumines-
cence (PL) measurements. Samples with compositions less than 0.23% N exhibit PL behavior that is consistent
with emission from the extended states of the conduction band. Near a composition of 0.23% N, a discontinuity
develops between the extended state PL peak energy and the photoluminescence excitation absorption edge.
The existence of dual localized/delocalized state behavior near this composition signals the formation of an N
supercluster just below the conduction band edge. The infinite supercluster is fully developed by 0.32% N.
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I. INTRODUCTION

Substitutional alloying provides an effective means of
modifying the band structure of binary semiconductor com-
pounds and typically results in a continuous change of the
associated optical and electrical properties between the values
of the endpoint constituents. It is known, however, that some
isoelectronic substituents can produce discontinuous changes
in electronic properties in the dilute alloy limit. GaAs1−xNx

exhibits a prime example of this phenomenon. Isolated
nitrogen (N) atoms form a resonant state 150–180 meV
above the conduction band edge of GaAs, and a continuous
reduction in the band gap energy is observed as a function
of N doping concentration.1–4 Additional modifications to the
band structure are observed at N concentrations as low as
0.009%.5 Simultaneously, the statistical formation of N pairs
and clusters also produces trap states just below the conduction
band edge. In photoluminescence (PL) studies, a series of sharp
excitonic emission lines from these localized states remains
fixed in energy for N compositions of �0.1% N. This behavior
is remarkably different at slightly higher N concentrations
(>0.4%), where excitonic emission from the N cluster states
occurs as a single broad band that tracks the falling band
gap much like a conventional semiconductor alloy.6,7 Recent
experiments have shown that there is a sudden and discon-
tinuous shift between these two N concentration regimes.7

At both low (<0.1%) and high (>0.4%) N concentrations,
PL emission from extended states coincides with the band
edge critical point energy, as measured by electromodulated
reflectance (ER).7 However, extended state emission was
observed at energies well below the band edge in samples
with intermediate compositions and was accompanied by an
anomalous broadening of the ER linewidth.7 This behavior
was attributed to the percolation of individual localized N
cluster states into an infinite supercluster of extended states
and the formation of a mobility edge. The exact nature of
this transition is not well understood and requires further
investigation.

This paper examines the localized-to-delocalized transi-
tion of N cluster states by investigating their PL emission
characteristics. Temperature and intensity-dependent photo-
luminescence (PL), time-resolved PL (TRPL) and magneto-
PL measurements are used to illustrate the evolution of an

infinite supercluster and the emergence of a mobility edge at
concentrations of �0.2% N.

II. EXPERIMENTAL

Samples with N concentrations between 0.04% and 0.42%
were grown by molecular beam epitaxy to thicknesses of
∼300 nm, and the compositions were determined by x-ray
diffraction. Further details of the growth can be found in
Ref. 8. The samples were very homogeneous with a constant
PL spectral shape over regions of several millimeters. The
temperature and intensity-dependent PL were excited with a
continuous wave (cw) solid-state laser (515 nm) and detected
with a 0.5-m spectrometer and a cooled Si charge-coupled
device (CCD) array, with the sample mounted on the cold
finger of an optical cryostat. Photoluminescence excitation
(PLE) measurements were performed at 2 K with the sample
in He vapor using a scanning, cw, power-stabilized Ti:sapphire
laser. At concentrations of �0.12% N, it was possible to verify
the PLE by measuring the absorption of the exciton peak
using broad PL emitted from the substrates. Time-resolved
PL measurements were carried out with a mode-locked
Ti:sapphire laser at a 2 MHz repetition rate that was tuned near
resonance to the band gap, and the PL signal was detected by
a photon counting streak camera. Magneto-PL measurements
were performed at 115 K in the 60 T Long Pulse magnet at
the National High Magnetic Field Laboratory (Los Alamos).
Photoluminescence was excited by a solid-state laser (515 nm)
and collected through an optical fiber coupled to the sample
cooled with liquid N2.

III. RESULTS

The discontinuity between the PLE absorption edge and
the extended state PL emission in dilute GaAs1−xNx is
highlighted through comparison of low-temperature pulsed-
excitation PL and cw-excitation PLE spectra in Fig. 1. The
PLE spectra shown in Figs. 1(a)–1(c) for samples with N
concentrations between 0.12% and 0.32% depict the spectrally
sharp absorption edge associated with the high joint density
of states (DOS) above the band edge. Detection was made
either at a high-energy cluster peak lying just below the band
edge or at a fully broadened band in the case of higher N
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FIG. 1. (Color online) PL spectra taken under low- and high-
pulsed excitation fluences (solid lines) and the corresponding PLE
spectrum (dashed lines) are shown for samples with (a) 0.12% N,
(b) 0.23% N, and (c) 0.32% N. The horizontal arrows marked “PLE”
indicate the spectral regions that were detected for PLE; “1” and “2”
are the regions over which TRPL decay curves were measured. The
extracted 2-K PLE band gap energies and 80-K PL A or B peak
energies (Ref. 7) are shown in (d).

concentrations. The PLE results were nearly independent of
the choice of the detection spectral range. Although it is
possible to detect PL from peaks labeled A and B in the
PL spectra of Fig. 1 at higher temperatures and excitation

densities, as discussed below, this did not result in sharper
PLE features. The PLE curves were analyzed using a line
shape of excitonic absorption modified by phenomenological
broadening terms for the exciton and continuum.9 The band
gap energies extracted from samples grown over a wide range
of compositions, displayed in Fig. 1(d), follow a smooth
trend that is consistent with previously published absorption,
PLE and ER data.6,7,10 By contrast, the time-integrated PL
emission spectra measured under pulsed excitation shown
in Fig. 1 do not follow this same trend. At 2 K, there
is a strong competition for emission between the localized
and delocalized states. Assessment of the PL characteristics
at low- and high-excitation fluences therefore allows for
precise identification of the delocalized states. For low-pulsed-
excitation fluences (ultrafast Ti:sapphire laser, 1 μJ/cm2),
carriers quickly thermalize to N cluster bound states, and
emission originates mainly from excitons localized at these
states. Photogeneration of nonequilibrium carriers under
high-pulsed-excitation fluences (20 μJ/cm2) is necessary to
populate the higher-lying extended states. While the energy of
the extended-state PL emission closely tracks the PLE curves
at 0.12% and 0.32% N, it deviates below the PLE curve for
the 0.23% sample. This deviation exactly follows the 80-K
PL/ER trend that was previously reported.7 It can be seen
in Fig. 1(d) where the cw-excited PL energies from Ref. 7
are reproduced for comparison with the PLE energies. The
PL peak associated with emission from extended states of N
concentrations below this PL/PLE deviation will be labeled
A, and those from concentrations above it will be labeled B.

Temperature and intensity-dependent PL trends provide ad-
ditional insight into the distribution of localized and extended
states around this discontinuity. Figure 2 shows PL spectra
measured under cw excitation at low (3 mW) and high (75 mW)
powers over a range of temperatures. The qualitative trends fol-
low those obtained from the low-temperature time-integrated
PL measurements presented in Fig. 1. At low temperatures and
low-intensity excitation conditions, PL is mainly emitted from
low-energy localized N cluster states. Higher-intensity exci-
tation and/or higher temperatures are needed to populate the
extended states that correspond to peaks A and B. The temper-
ature and power dependence can be understood by considering
the relative concentration and the exciton localization energy
of the different cluster (n � 2) states in a dilute alloy of concen-
tration x � 1. For a random placement of impurities on the lat-
tice, the density of clusters of size n will have a dependence on
x whose leading term goes as xn. Larger clusters will therefore
be more dilute than smaller ones, but their concentration will be
more sensitive to x. Because larger clusters bind excitons more
strongly, recombination of those excitons corresponds to the
lower energy peaks in the PL spectra of Fig. 2. Two additional
salient observations can thus be made from these spectra.

Firstly, at low temperatures, emission from the localized N
cluster states at the highest energies predominates; whereas
at higher temperatures, emission from the localized cluster
states at lower energies predominates. This is evident from
comparison of the 3-mW spectra measured at 5 and 70 K and
can be understood within the context of the trap-filling process.
Photogenerated carriers initially fall from the conduction band
into spatially nearest bound states. Because the N cluster
states at higher energy are more prevalent than those at lower
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FIG. 2. (Color online) PL spectra measured over the temperature range 5–80 K for samples with N concentrations of (a) 0.04% N, (b)
0.12% N, (c) 0.23% N, and (d) 0.32% N. The spectra measured under excitation powers of 3 mW (solid lines) and 75 mW (dashed lines) are not
displayed on the same scale. Arrows indicate the energies of peaks A and B measured under pulsed excitation (Fig. 1) at 2 K for each sample.

energies, a greater number of states at higher energies are
preferentially occupied by photogenerated carriers. There is
not enough thermal energy at low temperatures for carriers
trapped at these bound states to diffuse to farther-lying lower
energy states, and the emission therefore reflects the energetic
distribution of N cluster states. Higher temperatures, on the
other hand, provide enough thermal energy for subsequent dif-
fusion processes, and carriers are able to reach and radiatively
recombine from the farther-lying deeper states.

Secondly, at low temperatures, peak A for samples with
0.04% and 0.12% N concentrations can be excited under
high-intensity cw excitation, whereas peak B for samples with
0.23% and 0.32% N concentrations cannot. This suggests
that there is a difference in the redistribution mechanism
of photogenerated carriers between the two N concentration
regimes. In the samples with low N concentrations (�0.12%)
and under high-intensity excitation, preferential filling and
saturation of N cluster bound states results in the buildup
of carrier population in the conduction band. The saturating
effect is partly due to the low concentration of N clusters, but
also to the incomplete diffusion of conduction band electrons
to spatially separated clusters as discussed above. Thus, the
faster radiative recombination rate from extended states at
the conduction band leads to the predominance of peak A.
The energies of the extended-state PL peaks A and B extracted
from the time-integrated PL measurements at 2 K are marked
with arrows in Fig. 2 for comparison. In the case of samples
with high N concentrations (�0.23%), the N cluster bound
states are also populated, yet higher-density excitation does
not result in their saturation and the buildup of carriers in the
extended states. These extended states are initially populated
from carriers photogenerated in the conduction band, just as
the high-energy localized N cluster states are populated in the
samples with low N concentrations. However, the extended
nature of these supercluster states allows for subsequent redis-
tribution of carriers into lower-energy localized states, where
carriers consequently remain trapped until they radiatively

recombine. This set of N supercluster extended states below
the conduction band therefore aids in the redistribution of
photogenerated carriers to the lowest-energy localized states.
Furthermore, the density of the latter can be much higher in
the 0.23% sample compared to the 0.12% sample, as discussed
above. The two effects make it more difficult to saturate
the localized N states, and so peak B cannot be observed
at low temperatures unless extreme nonequilibrium carrier
concentrations are generated, such as in the case of pulsed
excitation. Thermally populating the supercluster states is also
possible, and so peak B is visible at temperatures above ∼40 K.
The more efficient relaxation and diffusion in samples with x �
0.23% supports the conclusion that the states that contribute
to peak B emission are spatially extended.

Magneto-PL measurements at elevated temperatures offer
confirmation of the extended nature of peaks A and B. In
order to ensure that, for all samples, the delocalized state is
highly populated by the fiber-coupled laser excitation, a cw
intensity similar to the solid curves in Fig. 2 and a temperature
of 115 K were used. Figures 3(a)–3(d) display the PL spectra
measured under a magnetic field ranging from 0 to 30 T. Along
with the major peaks from the GaAs1−xNx epilayers, weak
signals from the GaAs substrate are also observed in some of
the spectra. Both peaks A and B blue shift with increasing
magnetic field, as is expected for extended state behavior.11

The magneto-PL dispersion curves are shown in Fig. 3(e).
Localized N cluster states, by contrast, are well known to
show no magnetodispersion.12 Peak B has a slightly weaker
dispersion than peak A. This may be related to the percolation
threshold, but is likely also part of a broader trend observed in
higher concentrations.13,14

Time-resolved PL measurements also help distinguish
between localized and delocalized states.7,15 Figure 4 shows
time decay curves measured from deep N cluster states in a
range of samples where peak A transitions to peak B. The
spectral range is denoted by the arrows labeled “2” in the
1 μJ/cm2 spectra presented in Figs. 1(a)–1(c). In all samples,
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FIG. 3. (Color online) PL spectra measured under a range of
applied magnetic fields (0–30 T) for samples with N concentrations
of (a) 0.04% N, (b) 0.12% N, (c) 0.23% N, and (d) 0.32% N. The mag-
netodispersion curves of the peaks labeled A and B are shown in (e).

slow nanosecond decay times associated with carrier trapping
at localized states are observed. The PL decay curves measured
for peaks A and B, denoted by the arrow labeled “1” in
Figs. 1(a)–1(c), are shown in Fig. 5. Under low-excitation
densities [1 μJ/cm2, Fig. 5(a)], the samples with 0.12% and
0.32% N concentrations both exhibit fast decay times that are
characteristic of extended states. These decay times are plotted
in the inset of Fig. 5(a). The decay time of the 0.23% sample
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figures.
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at the same low-excitation intensity, however, is much slower
and directly supports the existence of localized behavior in the
energy range of peak B. On the other hand, in Fig. 5(b), for
all the samples, decay curves measured in the spectral region
1 under high-excitation densities (20 μJ/cm2) all exhibit fast
decay rates. The decay times are shown in the inset of Fig. 5(b).
The transformation from slow to fast decay times in the 0.23%
N sample as the excitation intensity is increased indicates
that there is dual localized/delocalized behavior among the
associated states in this sample but that the majority are
extended in nature. Finally, the fast time decay for peak B

originating under high-intensity excitation is preceded by a
slightly slower decay rate. This can be understood through a
saturation of the more delocalized states.

A simple modeling of the decay rates provides insight into
this behavior and the carrier dynamics within the localized
and extended N cluster states. The PL decay curves of the
samples with N concentrations of �0.23% can be reproduced
if we assume that three levels exist: The host conduction band
with a high DOS, a percolated N supercluster state just below
the conduction band edge, and a set of dilute localized N
cluster states at lower energies. These are shown schematically
in the inset of Fig. 6. The time dependencies of the carrier
concentrations n1, n2, and n3 of the three levels are governed
by Eqs. (1)–(3), respectively.

dn1

dt
= −n1

τ1
+ A(t), (1)

dn2

dt
= n1

τ1
− n2

τ2r

−
n2

(
1 − n3

ns

)

τ2
, (2)

dn3

dt
= − n3

τ3r

+
n2

(
1 − n3

ns

)

τ2
. (3)

The radiative lifetimes of the percolated N supercluster
(τ2r ) and the localized N cluster states (τ3r ) are both taken
as 2 ns. The transfer times between the conduction band
and supercluster (τ1) and between the supercluster and the
localized N cluster states (τ2) are both set at 100 ps. Here, A(t)
is an ultrafast generation rate, and the localized N cluster states
saturate at the population of nS . The calculated decay curve
for the carrier population in the conduction band (not shown)
follows a simple exponential decay given by the carrier transfer
to the lower-energy supercluster and localized N cluster states.
The decays of these two levels, calculated for a generation rate
whose integrated total is small (of the order ns), are shown in
the dashed curves of Fig. 6: Both populations rise with time τ1

and decay exponentially. For the supercluster state, this decay
is the rapid transfer time, whereas the N cluster states have
a long decay commensurate with their nanosecond radiative
lifetimes. These dashed curves explain the fast and slow PL
decays exemplified by the 0.32% N sample in Fig. 5(a) and
Fig. 4. When the generation rate is higher (� ns), carrier
transfer to localized N cluster states quickly bottlenecks, as
modeled by the saturation term in Eqs. (2)–(3). Electrons in
the N supercluster are then forced to radiatively recombine
at the nanosecond timescale, leading to the slow initial decay
calculated in the solid n2 curve of Fig. 6 and observed in the
TRPL curves of peak B shown in Fig. 5(b). In both figures,
once the localized N cluster states start to become depopulated
through radiative recombination, fast carrier transfer to these
states from the supercluster resumes, and the population decay
rate increases.

IV. DISCUSSION

Within the framework of percolation theory, the PL
emission characteristics detailed above provide information
about how localized N cluster states evolve into an infinite
supercluster.16,17 The number and configuration of the atoms
that comprise the N clusters determines their energy, with
the larger ones having a greater binding energy. At ultra-
dilute concentrations, most clusters that form will statistically
contain very few N atoms. The exciton binding energy to
these clusters is relatively small, and so the relatively large
hole orbit around the trapped electron enables overlap of their
wave functions at lower N concentrations. However, with
increasing N concentration, the rapidly downward-shifting
conduction band readily overtakes and hybridizes with the
smallest N cluster bound states before percolation can occur.
Concurrently, the relative abundance of larger N cluster states
with larger binding energies increases, and thus there comes
a point where a percolation network of large clusters evolves
into the formation of a supercluster before the conduction
band overtakes it. The coexistence of both localized and
delocalized emission behavior in the 0.23% sample suggests
that this concentration is just past the percolation threshold. A
percolated supercluster has started to form, which gives rise to
extended-state behavior, but there are still isolated pockets of
localized states at the same energy. The latter are filled first and
account for the long decay times observed in the sample with
0.23% N under low-density excitation. As the N concentration
is further increased, the supercluster becomes infinite, and only
extended-state behavior is observed.
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From the percolation threshold onwards, supercluster states
define the mobility edge as the boundary between localized and
delocalized states. This is readily evident in the PL spectra
shown in Fig. 2. Peak A is always separated from the majority
of the lower-energy localized states, indicating that it is a
separate entity. Peak B, however, is always conjoined to the
broad spectrum of localized state emission, with a mobility
edge separating the two. This comparison is most evident in
the 3-mW spectra measured at 60 K in Fig. 2.

In summary, a combination of temperature and intensity-
dependent PL, TRPL, and magneto-PL measurements was
used to distinguish between emission from localized and
delocalized states in dilute GaAs1−xNx alloys. Very differ-

ent behavior in the PL emission from delocalized states
was observed in samples with compositions below and
above 0.23% N. The results provide a detailed account of
N supercluster formation in GaAs1−xNx alloys near this
composition.
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