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The photoluminescence of GaAs0.973Sb0.022N0.005 was investigated at different temperatures, pressures, and
excitation powers. Both the alloy band edge and the N-cluster emissions, which show different temperature and
excitation power dependences, were observed. The pressure coefficients obtained in the pressure range of
0–1.4 GPa for the band edge and N-related emissions are 67 and 45 meV/GPa, respectively. The N-cluster
emissions shift to higher energy in the lower pressure range and then begin to redshift at about 8.5 GPa. This
redshift is possibly caused by the increase of the x-valley component in the N-related states with increasing
pressure. A rapid decrease of the emission intensity of the N-related band was also observed when the pressure
exceeded about 8 GPa.
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I. INTRODUCTION

Nitrogen-doped III-V ternary and quaternary semiconduc-
tor materials, such as GaNAs and GaInNAs, have attracted
much interest in their growth and basic physical properties
for the last few decades because the incorporation of a small
amount of nitrogen, acting as an isoelectronic impurity, leads
to a strong modification of the host band structure, which
results in a number of effects inconsistent with conventional
alloys, such as a giant band gap reduction,1–6 a sublinear
pressure dependence,7,8 and an increases in the electron ef-
fective mass.9,10 These anomalies are generally thought to be
caused by the differences between the substitute nitrogen
atom and the host anion in electronegativity and size. How-
ever, the explanation of the formation and evolution of the
puzzling band structure that arises from the introduction of
N-related states is quite controversial.

Three prevalent theoretical models have been proposed.
The band anticrossing �BAC� model11 indicates that a strong
interaction between the conduction band and a narrow reso-
nant band Nx leads to a splitting of the conduction band
into energy levels E+ and E− and a reduction of the funda-
mental band gap. The empirical pseudopotential supercell
calculations,12 a polymorphous alloy model, show that nitro-
gen doping results in perturbed host states �PHS� and cluster
states �CS�. The PHS move down in energy and sweep the
CS one by one with increasing nitrogen concentration. An-
other theory is the impurity band model,10 which suggests
the formation of an impurity band in the band gap resulting
from the convolution of different N-related states. Although
these models can explain some experimental phenomena, a
clear and satisfying understanding of the electronic structure
of these alloys still needs further pursuing.

GaAsSbN is a potential alternative GaAs-based quater-
nary alloy, which has been made to produce emissions ap-
proaching 1.55 �m. The advantage of GaAsSbN arises from
the fact that the band-gap energy of GaAsSbN alloy is lower
than that of GaInAsN with equivalent compositions of In or

Sb for a given value of N composition. However, like
GaInAsN, GaAsSbN also suffers from poor optical proper-
ties and an abnormal band structure due to the N-related
defects. Therefore, the investigation of the optical properties
of GaAsSbN alloy can also provide useful information about
N-related impurities.

Since the application of hydrostatic pressure in studying
N isoelectronic impurities in III-V semiconductor
materials,13 it has become a powerful tool for studying the
band structure of this kind of alloy. It is well known that
different spectral structures can be observed in the
GaAs1−xNx alloys with different N concentrations. In an ul-
tradilute doping content �x�0.01% �, the nitrogen introduces
a resonant level in the conduction band.4,13,14 Under pressure,
the resonant level shifts into the band gap and is then de-
tected. In the alloy region �x�1% �, only one emission band
has been observed. The smaller pressure coefficient and non-
linear pressure behavior have frequently been observed in
this case. The situation is more complicated when 0.01%
�x�0.1%. Ma et al.8 have observed a series of discrete
N-related below-band-gap transitions that emerge together
and evolve into a broad band under pressure. Emissions from
the nitrogen pair states NN3 and NN4 and the isolated nitro-
gen state Nx have also been observed by the application of
pressure. Weinstein et al.15 have observed a pressure-induced
NN3 structure in the GaAs1−xNx alloy with x=0.25% but
have not found any other structures in a sample with 0.4%
nitrogen in the pressure range of 0–6.2 GPa. Kent and
Zunger16 predicted that the localized-to-delocalized transi-
tion occurs at xc�0.6% for GaAs1−xNx, according to their
theory. Therefore, the investigation of the behavior of the
band structure and optical properties of GaNAs-related al-
loys at different pressures with an N concentration near the
critical composition xc is of interest.

In this work, we studied a GaAs1−x−ySbxNy sample with
x=0.022 and y=0.005 by photoluminescence �PL� under dif-
ferent external environments �temperature, excitation power,
and hydrostatic pressure�. Both alloy band edge and
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N-related emissions were observed. These emissions show
different temperature, excitation power, and pressure depen-
dences. A redshift of the N-related emission band was ob-
served when the pressure was above 8.5 GPa, which has not
been observed in other similar experiments before.

II. SAMPLE AND EXPERIMENT

The sample studied here was grown by solid-source
molecular-beam epitaxy �SS-MBE� in conjunction with an N
plasma source and an As and Sb valved cracker source on a
semi-insulating GaAs substrate. It contains a GaAsSbN epil-
ayer that is nominally 100 nm thick, a 100 nm undoped
GaAs buffer, and a 50 nm cap layer. The as-grown sample
was then annealed at 600 °C for about 5 min. The nitrogen
and antimony concentrations were determined to be 0.5%
and 2.2%, respectively, by x-ray diffraction measurements.
The detailed growth process has been described elsewhere.17

For the hydrostatic pressure experiments, the sample was
mechanically thinned to a total thickness of 20 �m, and then
cut into pieces of 100�100 �m2 in size. Then the sample
was loaded in a diamond-anvil cell �DAC� that was used to
generate pressures up to about 13 GPa. Condensed argon
was used as the pressure-transmission medium. The pressure
was determined from the shift of the ruby R1 fluorescence
line and was always changed at room temperature so as to
ensure the best hydrostatic conditions. The PL spectra were
measured at low temperatures with the DAC mounted in a
He closed-cycle cryogenic refrigeration system. The actual
temperature of the sample inside the DAC was determined
from the intensity ratio of the R2 line and the R1 line of ruby.

The PL spectra were measured by a Jobin-Yvon T64000
micro-Raman system with a cooled multichannel charge
coupled device �CCD�. The excitation source was the
514.5 nm line of an Ar+laser with a power output tunable
from 0 to 500 mW.

III. RESULTS AND DISCUSSION

A. Photoluminescence at atmospheric pressure

Figure 1�a� shows the PL spectra of the
GaAs0.973Sb0.022N0.005 sample under the 514.5 nm excitation
with a power of about 6 mW at different temperatures. Only
one peak, denoted A, can be observed at low temperature.
With the increase of the temperature, peak A is quickly ther-
mally quenched. It becomes unnoticeable at temperatures
above 50 K and further disappears after the temperature
reaches 90 K. At the same time, another peak, labeled B,
appears at about 40 K and becomes dominant in the spectra
at 60 K. An obvious difference in peak shape can be ob-
served between peaks A and B. Peak A has a broad asym-
metric shape with an exponential low-energy tail and a sharp
high-energy cutoff, while peak B has a normal Gaussian-like
shape. Figure 1�b� depicts the temperature dependence of the
peak energy of A and B. The temperature dependence of the
band gap of GaAs cited from Ref. 18 is also shown in the
figure by the dotted line. The temperature dependence of
band B follows the band gap of GaAs very closely, whereas
band A undergoes a fast redshift with increasing temperature.

A similar double-peak structure has also been observed by
Liang et al.19 in a GaInNAs/GaAs multiple quantum well
with the same N concentration of x=0.5%, and by Bian et
al.20 and Luo et al.21 in GaInNAs/GaAs and GaNAs/GaAs
quantum wells, respectively, with higher N content �0.77
�x�1.5% �. They attributed the peaks on the high-energy
side to emissions from the delocalized alloy band-edge
states, and assigned the peaks on the low-energy side to the
N-induced impurity states or the band-tail states due to the
potential fluctuation caused by the random N composition
distribution. In our case, we hypothesize that peak B corre-
sponds to the recombination of carriers at alloy band-edge
states and peak A is a mixture of the emission from the
band-tail states and the N-related states derived from N pairs
and N clusters. With the increase of temperature, the carriers
trapped by the localized states can be thermally activated
into the alloy band edge. Therefore the thermal depopulation
of the carriers in the localized N-related states leads to a
rapid redshift of the PL maximum of band A.

Further support of our hypothesis is provided by the study
of the excitation power dependences of peaks A and B. In
order to monitor the changes of the two peaks together, we
measured the excitation power dependences of the spectra at
55 K. Figure 2�a� shows the PL spectra measured at 55 K
under different excitation powers. We note that both peaks A
and B can be observed in the spectra and the relative inten-
sity of peak B increases with increasing excitation power.
The GaAs-related peaks from the cap layer also appear in the
spectra, which can be used as a reference for our results.
Figure 2�b� shows the excitation power dependence of the
integrated intensity of peak A, peak B, and the GaAs-related
peaks, where both the horizontal and vertical axes are in the
logarithmic scale. When peaks A and B overlap, the inte-
grated intensity of each peak is obtained by a deconvolution
process using a symmetric and an asymmetric Gaussian
function. It can be seen that the excitation power dependence
of emission intensity can be well described by the relation

IPL = CP�, �1�

where IPL is the integral intensity of the emissions, P is the
excitation power, and C and � are constant. The solid lines in

FIG. 1. �a� The PL spectra of GaAs0.973Sb0.022N0.005 at different
temperatures and �b� the corresponding temperature dependence of
peak energy.
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Fig. 2�b� are the fitted results using Eq. �1�. The � obtained
for peaks A, B, and GaAs are 0.84, 1.52, and 1.48, respec-
tively. It can be seen that the slope � of B is consistent with
that of the GaAs-related peaks. However, the value of � for
peak A is much smaller than that of band B. This indicates
that there is a similar transition mechanism between peak B
and the GaAs-related peaks, but peak A has a different re-
combination mechanism. The weak excitation power depen-
dence of peak A ���1� is a typical behavior of localized
states. Figure 2�c� depicts the variation of PL peak energy
with excitation power. With increasing excitation power,
peak A at first shows a significant blueshift of 22 meV, and
then seems to become saturated. The PL peak energy of band
B, on the other hand, remains almost unchanged. This con-
firms our hypothesis for peak A and peak B again. An in-
crease of the excitation power causes a gradual filling of the
localized N-related states and then results in a blueshift of
the peak energy with increasing excitation density until
saturation.22 In contrast, the independence of peak energy on
excitation power for band B is a typical behavior of delocal-
ized states.

B. Photoluminescence under pressure

The PL spectra of the sample under hydrostatic pressure
in the range of 0–1.4 GPa are shown in Fig. 3�a� at 70 K. At
first, band B dominates the spectra at ambient pressure. With
the increase of pressure, band A gradually becomes the main
peak and band B disappears at about 1.4 GPa. The linewidth
of band A also increases continually with increasing pres-
sure. Figure 3�b� shows the pressure dependences of the peak
energies of peaks A and B. The solid lines in Fig. 3�b� are
least-squares fits to the experimental data using a linear re-
lation. The obtained pressure coefficients are 45�5� and
67�4� meV/GPa for bands A and B, respectively. The ratios
for the PL integral intensity of band B to A are obtained by
deconvolution of the spectra using a Gaussian function and
an asymmetric Gaussian function. Its pressure dependence is
presented in Fig. 3�c�, in which the solid line is the theoret-

ical result for IB / IA using the exponential expression23

IB

IA
= I0 exp�−

��p

kBT
� , �2�

where I0 is the intensity ratio at atmospheric pressure, �� is
the difference in pressure coefficient between A and B, p is
pressure, kB is Boltzmann’s constant, and T is the experimen-
tal temperature. As shown in the figure, the agreement be-
tween the experimental data and the theoretical calculation is
good. This indicates that the decrease of the relative intensity
of band B with the increase of pressure can be well described
by the decrease of the thermal occupation of the carriers in
band B.

Figures 4�a� and 4�b� show the evolution of the spectra

FIG. 2. �a� The PL spectra of GaAs0.973Sb0.022N0.005 at 55 K
under different excitation powers, �b� the power dependence of PL
integral intensity, and �c� peak energy for A and B.

FIG. 3. �a� The PL spectra of GaAs0.973Sb0.022N0.005 at 70 K in
the pressure range of 0–1.4 GPa. The corresponding pressures are
denoted on the right of each spectrum. The dotted curves are the
deconvolved peaks. �b� The pressure dependence of peak energy of
B and A, and �c� the intensity ratios of B to A are illustrated.

FIG. 4. The PL spectra of GaAs0.973Sb0.022N0.005 under different
pressures �a� in the pressure range of 1.5–1.9 eV at 30 K and �b� in
1.2–1.7 eV range at 70 K.
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with increasing pressure at 30 K in the energy range of
1.5–1.9 eV and at 70 K in 1.2–1.7 eV range, respectively.
The most noticeable result in Fig. 4�b� is that the band A has
a blueshift with increasing pressure at first. A turning point
appears at about 8.5 GPa, after which band A begins to red-
shift. The similar pressure behavior of the band A was also
observed at 30 K and is not given in this article. Another two
features, labeled C and D, are observed at lower pressure.
Feature C is the GaAs-related emission. It shows a very
quick blueshift with the increase of pressure and then disap-
pears at 3.96 GPa due to the �-X crossover in GaAs. Feature
D has a multiple peak structure that is similar to the Nx line
and its phonon replicas observed in Ref. 24. This feature
appears in the pressure range of 3.57–5.76 GPa. The ruby
lines are eliminated from the spectra of D in the figure
for clarity. No other structures were observed in the mea-
sured spectra range when the pressure increased from
0 to 12.58 GPa. In order to clearly describe the pressure be-
havior of every peak, Fig. 5 presents the pressure depen-
dences of the peak energies for peaks C and D at 30 K along
with A and B at 70 K. The pressure dependence of the �, L,
and X band gaps of GaAs, and of the isolated nitrogen center
�Nx� obtained from the literatures24,25 is also indicated in the
figure by the dotted lines. The solid curves are the results of
the least-square fits to the experimental data using quadratic
�for A� or linear relations �for B and C�. The pressure coef-
ficient of C that we acquired is about 103�3� meV/GPa,
which agrees with that of GaAs-related emissions in others’
works.13,24 The energy positions of the main peak in feature
D exactly fall on the curve of Nx. Therefore we attribute

feature D to the Nx lines normally observed in the N-doped
GaAs according to the spectra structure and the pressure de-
pendence of peak position. The Nx and GaAs-related emis-
sions may come from the GaAs cap layer into which the
nitrogen was unintentionally introduced in the growth pro-
cess. At high pressures, band A does not exhibit the satura-
tion tendency reported in Ref. 11, but it begins to shift to
lower energy.

It can be seen from Fig. 4 that the band A keeps one broad
structure in the pressure range from 1.4 to 12.58 GPa. Under
applied pressure, the spectra broadened toward lower energy.
Similar broadening was also observed by Weinstein et al.15

in their study on the pressure behavior of GaNAs alloy with
N concentrations of 0.25% and 0.4%. They attributed the
broadening to the band-tail states caused by potential fluc-
tuations. Ma et al.8 has observed one N-related emission
band in the pressure range from 1.46 to 8.02 GPa for GaNAs
alloy with 0.1% nitrogen and attributed this band to the N
cluster states involving more than two nitrogen atoms. Com-
paring our work with these two reports, we propose that band
A observed in our GaAsSbN sample with 0.5% nitrogen con-
sists of emissions from both the band-tail states and the
N-cluster states.

It is interesting to discuss the mechanism for the redshift
of band A that we observe when the pressure is above
8.5 GPa. In the former pressure experiments mentioned
above, the applied pressure was less than 8.02 and 6.2 GPa
in Refs. 8 and 15, respectively. Therefore, it is unknown
whether there exists a similar redshift for N-related emission
in GaNAs alloy with N concentration between 0.1% and
0.4%. The applied pressure reached 12 GPa in the works of
Shan et al. for GaInNAs alloy with N content from 0.9% to
2.3% �Ref. 11� and for GaNAs alloy with N content of 1.2%
and 1.5%.5 However, no such redshift was observed in their
experiments. The peak energies of the observed PL peaks
first increased and then saturated. Since the N concentration
in these samples is quite large, the observed PL structure was
attributed to the alloy band-edge emission, which is different
from our sample. Eremets et al.26 reported the redshift of
NN1 emissions in N-doped GaP when the pressure is in-
creased above about 5 GPa. With increasing pressure, the
NN1 lines approached the line of the hydrogenlike bound
exciton of the X band edge in GaP and then shifted following
the X band edge of GaP. We suggest that the redshift of band
A in our case may also be the effect of the X valley. Mattila
et al.27 have calculated the pressure dependence of the band-
edge energies in GaNAs alloy with 0.8% nitrogen based on
the N-induced multiband hybridization. They indicated that
the pressure behavior of the band-edge energies is deter-
mined mainly by the �-L interaction at lower pressure and
by �-X interaction at higher pressure. Thus, if the band-edge
states contain sufficient X character at higher pressure, it may
show a redshift with increase of pressure. Band A contains
the component of the fluctuation states of conduction band.
Therefore, it may also have a redshift at higher pressure.
Another possible reason for the redshift of band A is the
increase of the X character in the N impurity centers with
pressure. It is well known that the N impurity center is a
deep center. Its wave function is composed of all k compo-
nents of the conduction band in the Brillouin zone. At low

FIG. 5. The pressure dependence of peak energy for A, B, C,
and D. The dotted lines are the pressure behaviors of GaAs-related
valleys and Nx line at 30 K. The solid curves are the least-square
fits to the experimental data.
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pressure, the k components near the � valley dominate the
wave function of the N impurity level, and band A shifts to
higher energy at a relatively faster rate. With increasing pres-
sure, the separation between the N impurity level and the �
valley increases gradually. Thus the k component away from
the � point increases and the shift rate of band A decreases.
Beyond the �-X crossover, the X valley becomes the conduc-
tion band nearest to the N impurity level. The wave function
of the N impurity level then involves more of the component
of the down-shift X valley. If the band A approaches the X
valley sufficiently, it may include enough X-component and
then begin to redshift.

We have also studied the pressure dependence of the PL
integral intensity of band A under a stable excitation power
of 6 mW. The results are depicted in Fig. 6. It can be seen
from Fig. 6 that the intensity increases with pressure at first,
and then decreases rapidly when the pressure exceeds about
8 GPa. The rapid decrease of the emission intensity in the
pressure range above 8 GPa is easy to understand. The X
component dominates the wave function of the fluctuation
states and the N-cluster states in this pressure range and in-
creases with increasing pressure. It then causes the decrease
of the transition probability of the N-related level. Conse-
quently, the emission intensity of band A decreases rapidly.
The reason for the initial increase of the intensity of band A
in the lower pressure range is not known exactly. It may be
ascribed to two factors: �i� the capture of the excited carriers
in the conduction band by N-related levels may increase
when the separation between the conduction band and the
N-related level increases; �ii� the increase of light transmis-
sion due to the widened band gap of the GaAs cap layer with
increasing pressure. It is worth noting that a similar initial
increase of the emission intensity was also observed in a

GaNAs/GaAs quantum well with 1.5% nitrogen.24

Now we turn to discussion of the pressure coefficient of
bands A and B. The pressure coefficient of band A is
45 meV/GPa in the pressure range of 0–1.4 GPa, which is
in agreement with that reported by Ma et al.8 for GaNAs
alloy with a nitrogen concentration of 0.1% �40 meV/GPa�,
Klar et al.28 with N 0.095%, and Weinstein et al.15 with N
0.25% �46 meV/GPa� in the pressure range of 0–1.5 GPa.
On the other hand, the pressure coefficient of band B is
67 meV/GPa, which is much smaller than the measured re-
sults of 82 meV/GPa for N=0.1% �Ref. 8� and
80 meV/GPa for N=0.21% �Ref. 28� and is also smaller
than the calculated values of 82 and 78 meV/GPa for N
=0.25% and 0.4%, respectively.15 Moreover, the pressure co-
efficients of band B are also smaller than those reported for
alloy band-edge emissions of GaNAs or GaInNAs alloy with
N component larger than 1%.5,7,11,29,30 Figure 7 shows the
pressure coefficients of the alloy band-edge emission �Eb�
and the N-related states �N� for different N concentrations in
GaNAs or GaInNAs alloys obtained from the literature to-
gether with the results of this work. All coefficients are ob-
tained in the low pressure range �smaller than 2 GPa�. It can
be seen clearly that the pressure coefficient of band B is
smaller than the value for Eb in alloys with smaller N con-
centrations or with larger N concentrations. The reason for
the smaller value obtained in this work is not well under-
stood yet. Kent and Zunger16 predicted that a localized-to-
delocalized transition will occur at xc�0.6% for GaNAs al-
loy. Near the critical composition, xc, an amalgamation of
states is formed, and the interaction between the localized N
cluster states and the delocalized alloy band-edge states is
expected to be large. Since the N concentration in our sample
is 0.5%, approaching the critical component of 0.6% in
GaNAs, the small pressure coefficient for alloy band-edge
emission, band B, may be related to the strong interaction
between alloy band-edge states and the N-related states.

FIG. 6. The pressure dependence of PL integral intensity of A at
30 K with an excitation power of 6 mW. The solid curves are to
guide the eyes.

FIG. 7. The comparison of pressure coefficients in our results
with those in others’ work at different N contents. The dashed lines
are to guide the eyes.
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IV. SUMMARY

The PL spectra of GaAs0.973Sb0.022N0.005 were investi-
gated under different temperatures, excitation powers, and
pressures. Two PL peaks with very different behaviors were
observed in the spectra. The temperature dependence of peak
B follows the band gap of GaAs very closely, whereas peak
A undergoes a fast redshift with increasing temperature. The
variation of the PL intensity with the excitation power of
peak B is consistent with that of GaAs-related peaks, while
peak A shows a blueshift with increasing excitation level.
Therefore, we attribute peak B to the recombination of alloy
band-edge states and peak A to emissions from the band-tail
states and the N-related centers. The pressure coefficients of
peaks A and B are 45 and 67 meV/GPa, respectively, at
70 K in the pressure range of 0–1.4 GPa. The pressure co-
efficient of band A is in agreement with that reported previ-
ously for N-related structures, but the pressure coefficient of
peak B is much smaller than that reported for alloy band-

edge emissions. This may be due to the strong interaction
between alloy band-edge states and the N-related states since
the N concentration in our sample is closer to the critical
point of localized-to-delocalized transition in GaNAs. In the
wider pressure range of 0–12.58 GPa, peak A shifts to
higher energy with increasing pressure at first and then be-
gins to redshift when the pressure exceeds about 8.5 GPa,
accompanied by a rapid decrease of the emission intensity.
These phenomena may be connected to the increase of the X
component in the band-tail states and the N cluster states.
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