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We have studied the temperature dependence of optical transitions
in dilute GaAsN alloys using photoreflectance (PR). A delocalized-
state transition is clearly observed in PR spectra while several
localized-state emission lines due to isoelectronic centers appear
in photoluminescence spectra. The energy of optical transitions
observed in PR spectra is in agreement with the excitonic transition
energy in photoluminescence excitation spectra, clearly showing

that the optical transitions in PR spectra are excitonic transitions.
We analyzed the temperature dependence of the excitonic
transition energies using the Bose–Einstein statistical expression,
and found that even dilute alloys follow the same trend as GaAsN
alloys with higher nitrogen concentrations. We discuss the
coexistence of localized and delocalized states in dilute GaAsN
alloys in terms of the random distribution of N atoms.
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1 Introduction As contrasted with conventional III–
V ternary alloys, the incorporation of nitrogen into GaAs
significantly reduces the band gap energy [1–4]. Thus, (In)
GaAsN is expected to be a semiconductor material for
optoelectronic device applications, such as long-wavelength
semiconductor lasers with superior characteristics [5] and
high efficiency solar cells [6]. In addition to the band gap
reduction, sharp emission lines are obtained from isoelec-
tronic traps due to nitrogen–nitrogen (NN) pairs [7] in dilute
GaAsN alloys, which are promising candidates for generat-
ing single photons or entangled photon pairs [8–14].

We previously found from the temperature dependence
of photoluminescence (PL) spectra of GaAsN alloys that
the PL peak energy shift due to the temperature change
decreases with increasing nitrogen concentration, which is
attributed in part to the influence of the localized-state
emission at lower temperatures [15]. Furthermore, we
revealed that the small PL peak energy shift at higher
temperatures is due to a decrease in the temperature
dependence of the band gap energy. Contrary to the alloy
regime where a broad PL peak is observed, a number of
sharp emission lines related to NN pairs and photon
replicas [16] appear prominently in dilute GaAsN alloys with
lower nitrogen concentrations than the critical composition

for the localized-to-delocalized transition [17, 18]. In the
present paper, we have studied the temperature dependence
of photoreflectance (PR) spectra of dilute GaAsN alloys
to accurately determine the delocalized exciton transition
energy by eliminating the influence of localized states
including isoelectronic centers.

2 Experimental The samples used in this study were
GaAsN alloys grown on GaAs (001) by metalorganic vapor
phase epitaxy [3]. The sources for Ga, As, and N were
trimethylgallium, arsine, and 1,1-dimethylhydrazine, re-
spectively. The nitrogen concentrations were ranged from
0% to 0.11%. The GaAsN layers were 300 nm thick, and
coherently strained to the GaAs substrate. PR measurements
were carried out at temperatures between 16 and 300K.
The PR experimental setup was a conventional one. A
monochromatic probe beam was obtained from the white
light of a halogen lamp using a 50-cm monochromator. The
reflected light was detected with a photodiode detector. To
modulate the surface electric field in the sample, a diode-
pumped solid-state laser (l¼ 532 nm) was used as a pump
beam chopped at 280Hz. A modulated signal was measured
with a lock-in amplifier. We also performed photolumi-
nescence excitation (PLE) measurements using a Ti:sapphire
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laser to examine the nature of optical transitions detected
by PR. The typical excitation power densities used for PL,
PR, and PLE measurements were 5, 0.1, and 1Wcm�2,
respectively.

3 Results and discussion Figure 1a–c shows PR,
PLE, and PL spectra of GaAsN with a nitrogen concentration
of 0.05%, respectively. As can be found from the PL
spectrum shown in Fig. 1c, sharp lines labeled as NNB, NNC,
NND, and NNE [7] due to NN pairs are observed, which is
typical of dilute GaAsN alloys.

Unlike the PL spectrum showing the localized state-
related emission lines, only optical transitions due to
delocalized states are seen for a PR spectrum in Fig. 1a.
In order to analyze PR spectra, the first derivative of a
Lorentzian lineshape [19, 20] was used because the observed
transitions are excitonic in nature as described below. For
GaAsN with higher nitrogen concentrations, the energy
splitting of heavy-hole and light-hole excitons was
reported [21]. A higher-energy shoulder of the PL peak
from GaAsN shown in Fig. 1c may come from heavy-hole
excitons split from light-hole excitons due to the biaxial
tensile strain in the GaAsN layer. Similarly, a lower-energy
shoulder of the PLE peak due to GaAsN shown in Fig. 1b is

probably attributed to light-hole excitons. The identification
concerning heavy- and light-hole transitions is also
supported by the fact that the intensity of the higher-energy
peak is larger than that of the lower-energy shoulder because
the oscillator strength of the heavy-hole component is larger
than that of the light-hole component for the (x,y)-polarized
light [22] when the z-axis is perpendicular to the sample
surface.

Since the nitrogen concentration of GaAsN layers used
in this study was much lower than that in Ref. [21], the
splitting was so small that PR measurements could not
observe it unlike PLE measurements. Thus, we assumed one
optical transition for GaAsN because obtained results are
not much different. The lower- and higher-energy optical
transitions indicated by two arrows are due to GaAsN and
GaAs, respectively.

Two sharp excitonic transition peaks due to GaAsN and
GaAs are also seen in the PLE spectrum shown in Fig. 1b,
indicating that delocalized states are evidently formed even
if the nitrogen concentration is as low as 0.05% and even
if several emission lines due to isoelectronic centers are
simultaneously observed in the PL spectrum. The energy
of optical transitions obtained from the PR spectrum is in
good agreement with the energy of excitonic transition peaks
seen in the PLE spectrum. It is much the same for other
GaAsN alloys. These results clearly show that PR measure-
ments can detect delocalized exciton transitions in dilute
GaAsN alloys.

Although sharp emission lines due to NN pairs and
localized-state emission at 1.475 eV which originates from
NNA are predominant in PL spectra of dilute GaAsN alloys
at 4.2K, we have successfully observed a PL peak (labeled
as GaAsN) due to the same origin observed in PR and PLE
spectra by increasing the temperature and excitation power
density, as shown in Fig. 1c. This PL peak is located at
1.493 eV, which is lower than the transition energy observed
in PR and PLE spectra. The Stokes shift is believed to be
attributed to excitons weakly localized by alloy fluctuations
or bound to donor or acceptor impurities.

As mentioned above, PR is one of the most appropriate
methods to investigate the temperature dependence of the
delocalized exciton transition energy because it can avoid
the effect of exciton localization, and can be used even
at room temperature. The temperature dependence of PR
spectra of GaAs1�xNx (x¼ 0.03%) is shown in Fig. 2.
Indeed, the excitonic transition due to GaAsN smoothly
shifts to lower energies with increasing temperature as can
be found from the spectra, indicating that the transition
observed in the PR spectrum remains excitonic up to room
temperature. Incidentally, the PR concerning GaAs becomes
complicated with increasing temperature because of the
Franz–Keldysh effect.

Figure 3 shows the delocalized exciton transition
energies of GaAsN alloys obtained by fitting the first
derivative of a Lorentzian function to PR spectra. We have
analyzed the temperature dependence of the excitonic
transition energies using the following Bose–Einstein
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Figure 1 (a) PR, (b) PLE, and (c) PL spectra of GaAs1�xNx

(x¼ 0.05%).
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statistical expression [23],

EexðTÞ ¼ Eexð0Þ � aB
2

expðQB=TÞ � 1

� �
; ð1Þ

where Eex(0) corresponds to the excitonic transition energy
at 0K, aB represents the electron–phonon interaction

strength, and QB is the average phonon energy. The solid
lines shown in Fig. 3 were obtained by fitting the Bose–
Einstein expression to the experimental data. Although the
solid line for 0.03% is slightly higher than that for 0.05%,
the two lines are considerably close to each other, which is
partly due to the experimental error in determining the
nitrogen concentration.

Table 1 lists the nitrogen concentration dependence of
Eex(0), aB, andQB of dilute GaAsN alloys obtained from the
analysis using Eq. (1). The delocalized exciton transition
energy at 0K naturally decreases with increasing nitrogen
concentration, and both aB and QB increase with x and
continuously lead to the alloy regime studied previously [15].
It is, therefore, found that even dilute alloys follow the same
trend as GaAsN alloys with higher nitrogen concentrations
of 1–3% [15], suggesting that electrons distributed around
N atoms interact preferentially with the localized Ga–N
vibration mode with higher phonon energy.

For dilute GaAsN alloys, as mentioned above, a
delocalized-state optical transition is unequivocally ob-
served in PR and PLE spectra while localized-state emission
lines appear in PL spectra. In other words, localized and
delocalized states exist together in dilute GaAsN alloys. We
therefore would like to discuss the coexistence of localized
and delocalized states. Figure 4 shows schematically the
distribution of N atoms in dilute GaAsN alloy. The random
distribution of N atoms stochastically generates spatially
isolated NN pairs which lead to localized states in some
regions, as illustrated by a dashed circle. This can explain
the fact that the emission energy of NN pairs is almost
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Figure 2 Temperature dependence of PR spectra of GaAs1�xNx

(x¼ 0.03%).
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Figure 3 Excitonic transition energies of GaAsN alloys. The solid
lines were obtained by fitting the Bose–Einstein expression to the
experimental data.

Table 1 Excitonic transition energy at 0K, electron–phonon
interaction strength, and average phonon energy obtained from the
analysis using the Bose–Einstein expression.

x (%) Eex(0) (eV) aB (eV) QB (K)

0.03 1.4954� 0.0004 0.052� 0.003 223� 9
0.05 1.4951� 0.0004 0.057� 0.003 236� 9
0.11 1.4761� 0.0006 0.061� 0.005 259� 15

isolated NN pair

Figure 4 Schematic view of the random distribution of N atoms
in dilute GaAsN alloy.
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unchanged even if the average N concentration of GaAsN
alloys is changed. On the other hand, delocalized states are
formed in other regions where N atoms are relatively
uniformly distributed. Consequently, it is essential to
consider the impact of the random distribution of N atoms
on the electronic structure of GaAsN alloys.

4 Conclusions We investigated the temperature de-
pendence of PR spectra of dilute GaAsN alloys. We revealed
that a delocalized-state transition is clearly observed in
PR spectra while a number of localized-state emission
lines appear in PL spectra, and accurately determined the
delocalized exciton transition energy. The temperature
dependence of the excitonic transition energies was analyzed
using the Bose–Einstein statistical expression, and it is found
that even dilute alloys follow the same trend as GaAsN
alloys with higher nitrogen concentrations of 1–3%. We
discussed the coexistence of localized and delocalized states
in dilute GaAsN alloys based on the random distribution of
N atoms.
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