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Optical transitions in as-grown and annealed GaNg 02Asg0s, Gag.o5Ing0sNo.02ASp.08, and GaNg 02 Asp.90Sbo os
bulklike layers have been studied with photoreflectance (PR), photoluminescence (PL), and microphotolumi-
nescence (uPL) in a broad range of temperatures. The exciton binding energy and the temperature dependence
of the energy gap have been determined from PR measurements. In addition, the alloy-related broadening of
optical transitions has been analyzed and compared for the three alloys. The largest alloy inhomogeneities
have been observed for GaNg 0, As.90Sbgos. In PL spectra of GaNg g, Asges and GagosIng gsNo.o2Asoos layers
measured at low temperatures and low excitation conditions, sharp PL lines of 100-300-ueV widths have been
clearly observed ~10-20 meV below the energy gap of these alloys. Analyzing the temperature quenching of
the sharp PL lines, they have been attributed to the recombination of localized excitons trapped at deep donor
(acceptor)-like states. Such lines were not well resolved for GaNg g, AS.90Sbg.os layers. The analysis of thermal
quenching of localized exciton emission suggests that for this alloy excitons are localized mostly on alloy content
fluctuations. With the increase in the excitation power an additional PL band has been observed in uPL spectra
at the higher-energy side. This band corresponds to the optical transitions between delocalized states which
are observed in photoreflectance spectra. The emission of localized excitons without resolved sharp lines has
been also observed with macro-PL measurements at low temperatures. In addition, the donor trap—valence band
(DT-VB) recombination has been identified for the three alloys in macro-PL spectra. It has been clearly observed
that the intensity of DT-VB recombination is the weakest for GaNy 92 Asp.90Sbo s alloys whereas for GaNy g2 Aso.0s
and Gag 95Ing 05No.02Asp g alloys it is very similar. The observed differences between the three alloys and the role
of postgrowth annealing have been analyzed and discussed in the context of the influence of III-V host on alloy
inhomogeneities, formation of native point defects in III-V-N alloys, and their influence on the optical quality of

III-V-N alloys.
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I. INTRODUCTION

The incorporation of a few percent of nitrogen atoms
into III-V host leads to a remarkable band-gap reduction
which appears mainly in the conduction band.'™ Because of
this feature III-V-N alloys (so-called dilute nitrides) are very
promising candidates for various optoelectronic applications
including solar cells and GaAs-based telecommunication laser
diodes.?>”7 Unfortunately the incorporation of nitrogen also
deteriorates the optical quality of the III-Vs by inducing
carrier localization at low temperatures and strong nonradiative
recombination at room temperature. The issue of material
degradation with the increase of nitrogen concentration is one
of the most important research aspects of this material system
from the viewpoint of its application in solar cells and diode
lasers. Rapid thermal annealing is widely employed to improve
the optical quality of dilute nitrides. The annealing process
removes a significant part of nonradiative centers; however,
the low-temperature photoluminescence (PL) measured at low
excitation conditions is still dominated by the recombination
of localized carriers (excitons) trapped at local potential
minima.®’ Currently, it is widely accepted that the PL band
attributed to the recombination of localized excitons is com-
posed of sharp lines. This conclusion is supported by near-field
photoluminescence'®'? and microphotoluminescence (;4PL)
measurements'>~!> of GaNAs and GaInNAs layers. However
the exact nature of the narrow exciton lines is still under

1098-0121/2013/88(12)/125201(14)

125201-1

PACS number(s): 78.20.Bh, 78.55.Cr

debate. Alloy composition fluctuations creating local potential
minima represent a possible origin for exciton localization.
This explanation was strongly supported for the GalnNAs
alloy!! for which compositional fluctuations were indeed
observed.'® Quite recently it has been also observed that
the dispersion of localization energy for GalnNAs alloys
can be very large (~0-150 meV) whereas all the individual
lines have a similar activation energy which is close to the
electron-hole attraction in this system (i.e., ~6 meV)."> It
suggests that these sharp PL lines observed at low temperatures
correspond to recombination of excitons localized on deep
donor- or acceptor-like states which lie within the energy gap.
When the thermal energy becomes higher that the exciton
binding energy, the deep centers trap individual carriers which
recombine non radiatively.'> Since the effect of nonradiative
recombination is enhanced for larger nitrogen concentrations
it is expected that N-related point defects can be responsible
for the carrier localization phenomenon and the poor optical
quality of III-V-N alloys. Moreover, it is very likely that the
same nitrogen concentration should influence the structural
and optical quality of various III-V alloys differently. Indeed
the impact of N incorporation strongly depends on the
composition of the host material. Careful comparative studies
on this issue have not been reported so far. It is worth
noting that the PL technique is particularly inappropriate to
measure the temperature dependence of the band-gap energy
of III-V-N alloys due to this strong carrier localization.'’->?
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Therefore, investigations on temperature dependence of the
energy [Eo(T)] and broadening parameter [[o(7")] of the
fundamental band gap for III-V-N alloys are necessary to
clarify the issue of localized and delocalized states in various
III-V-N.

In this work, we apply photoreflectance (PR) combined
with microphotoluminescence (uPL) spectroscopy to study
the optical transitions in as-grown and annealed GaNj 0 As.os,
Ga0,951n0,05N0,02AsoA93, and GaNO'QzASQ'g()Sb(),()g epitaxial lay—
ers of the same nitrogen concentration (N = 2%) focusing on
the role of III-V host in the optical quality of III-V-N alloys.
We show that the PL band attributed to the recombination of
localized carriers is clearly composed of individual sharp PL
lines, the nature of which is discussed in this work. In addition,
we determine the temperature dependence of the energy and
broadening parameter of the fundamental band gap for the
three alloys by using the PR technique, which is insensitive
to localized states and probes optical transitions between
extended states (i.e., free excitonic transitions and energy-gap
transitions). The obtained Ey(T') and I'¢(T") characteristics are
discussed in the context of the same nitrogen incorporation
in different III-V hosts. Since the band structure and optical
properties of dilute nitrides strongly depend on nitrogen
concentration the set of three samples with the same nitrogen
concentration is representative to discuss the influence of III-V
host on properties of dilute nitrides.

II. EXPERIMENT

The samples were grown by molecular beam epitaxy on
semi-insulating (100) GaAs substrates. They consist of a
120-nm-thick GaAs buffer layer followed by 100-nm-thick
GaNg.02As0.98, Gag.o5Ing o0sNo.02Asg.08 or GaNo.02AS0.90Sbo.08
layers and are capped by 20 nm of GaAs. The content of the
layers was determined on the basis of secondary ion mass
spectroscopy and high-resolution x-ray diffraction (HRXRD)
investigations. The annealing process was conducted at 750 °C
for 10 min. The structural properties of the samples were
carefully compared before and after annealing. HRXRD
measurements did not reveal any changes of the average
composition of these samples due to annealing. In addition,
transmission electron microscopy (TEM) did not show any sig-
nificant alloy fluctuations or clustering phenomena, suggesting
that composition uniformity was not affected by annealing.??
Therefore it can be considered that the average layer content
is the same before and after annealing. Moreover, it is worth
noting that the present study is not based on quantum wells
but on relatively thick layers (0.1 um). Therefore the possible
interdiffusion of the constituents at the layer interfaces is not
expected to affect the optical properties of these samples.

A “bright configuration” of the experimental setup was used
to measure the PR spectra. In this configuration the sample is
illuminated by white light from the halogen lamp and next
the reflected light is dispersed through the monochromator.?*
A single-grating 0.55-m focal length monochromator and a
thermoelectrically cooled InGaAs pin photodiode were used
to disperse and detect the reflected light from the samples. As
the probe and pump sources, a 150-W tungsten-halogen and
a He-Ne laser were used, respectively. The probe and pump
beams were focused onto the sample to the diameter of 1-2 mm
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and the power of the probe beam was reduced to 0.1 mW using
a gray filter. The pump beam was modulated by a mechanical
chopper with the frequency of 280 Hz. Phase-sensitive
detection of the PR signal was made using a lock-in amplifier.
For temperature-dependent PR measurements samples were
mounted on a cold finger in a helium closed cycle refrigerator
coupled with a programmable temperature controller allowing
measurements in the 10-320 K temperature range.
Microphotoluminescence (uPL) spectra were measured
using a single-grating 0.55-m focal length monochromator
with a multichannel InGaAs detector. The 660-nm line of a
semiconductor laser was focused on the sample by a long
working distance objective. The diameter of the laser spot
was estimated to be below 2 um. For measurements, samples
were mounted on a cold finger in a helium flow cryostat
coupled with a programmable temperature controller allowing
measurements in the 2-320 K temperature range.

III. RESULTS AND DISCUSSION

In order to study optical transitions between delocalized
and localized states in GaNg g2ASoos, GagosIng gsNo.02ASo og
and GaNy 02 As.90Sboog layers and discuss the influence of the
host matrix on the optical quality of these layers, careful PR,
PL, and uPL measurements have been performed for the three
layers at the same conditions in a broad range of temperatures.
First, low-temperature PR and PL. measurements are compared
for these layers; next, temperature dependences of the energy
gap extracted from PR measurements are analyzed; and
finally uPL spectra obtained at various excitation conditions
and temperatures are presented and discussed. In order to
support conclusions from puPL measurements, Monte Carlo
simulations of hopping excitons in III-V-N alloys with various
concentrations of localizing centers have been performed.

A. Photoreflectance versus macrophotoluminescence

Figure 1 shows PR and macro-PL spectra measured for
as-grown and annealed GalNy 02 Asg.0, Gag.95In9,05No.02AS0.98,
and GaNj 0 Asg.90Sbog os layers at low temperature. The energy
gap of these layers can be determined from the analysis of PR
spectra since these spectra are not sensitive to localized states
and exhibit optical transitions between extended states (i.e.,
free excitonic transitions and/or band-to-band transitions). It
is worth noting that the shape of PR resonances is different for
the three samples. This shape can be tuned by the detection
phase on the lock-in amplifier. It does not influence the
energy of optical transition and is a well known feature of PR
spectroscopy. The energy gap is marked in Fig. 1 by a dashed
vertical line for each sample. It is clearly visible that for the
three alloys the energy gap shifts to blue due to annealing. This
phenomenon is well known for dilute nitrides and is associated
with the opening of the energy gap due to atom reordering
after annealing.>>~?® This reordering must be very local since
no structural changes were observed by HRXRD or TEM.

In PL spectra, three PL bands can be distinguished
for the three alloys. For as-grown GaNypAspoes and
Gag.95In9 0sNo.02Asp.9s layers a broad PL band is observed
at ~0.85 eV. Recently very similar emission was observed
for GaNAs layers of various nitrogen concentrations.?’ For
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FIG. 1. (Color online) PR and macro-PL spectra measured at 10 K for as-grown and annealed (a) GaNy 02 Asp .93, (b) Gag 95Ing 0sNo 02 ASo.98,
and (c) GaNggyAsg.00Sbgog layers. The excitation intensity for macro-PL measurements is 7.5, 0.54, 0.24, and 0.08 W/cm? for dash-dot,

short-dashed, dashed, and solid lines, respectively.

these layers deep-level transient spectroscopy (DLTS) mea-
surements were performed and the broad PL band located
at this energy has been attributed to the donor trap—valence
band (DT-VB) recombination between deep electron traps
identified in DLTS measurements. It is expected that the
origin of the PL band observed at ~0.85 eV for GaN g Asp o8
and Gag 95Ing 0sNo 02As0.08 layers is like that in Ref. 29 and,
therefore, this emission is attributed to DT-VB recombination.

The PL band related to DT-VB recombination is rather not

observed for GaNy2Asp.90Sbggg oOr its intensity is much
weaker in this case than in the two previous samples. This

indicates a better optical quality of the GaN 2 AsSp.90Sbo.0s

alloy, further evidenced by the strong intensity of the free
exciton (FE) and/or band-to-band emission observed for this

GaNg o2AS g8
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FIG. 2. Temperature dependence of PR spectra measured for as-grown (a) GaNggAsgos,

(C) GaN()_()zAS()_g()Sb()_()g layers.
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(b)  Gag.o5Ing.0sNo.02ASo.08,

alloy (see FE label in Fig. 1). For the three alloys, this
emission is clearly visible only after annealing and at high-
enough excitation power. Before annealing, the PL spectra
are dominated by an emission at lower energy which is
attributed to localized excitonic (LE) recombination while the
FE transition is very weak or even absent. Our interpretation of
the three PL bands is supported by PR and uPL investigations
presented below.

Figures 2(a)-2(c) show PR spectra measured in the tem-
perature range of 10-320 K for as-grown GalNjo»As.os,

and
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Gag 95In9,05No.02Asp.08, and GaNp 02Asp.90Sbo.os layers, re-
spectively. It is clearly visible that PR transitions shift to red
and broaden with the increase in temperature. In addition, it
is observed that the PR resonance intensity (i.e., the peak-to-
peak amplitude) does not decrease monotonically with the
temperature increase, which is an unusual observation for
high-quality semiconductors. This effect is observed for these
alloys since the band bending modulation in PR measurements
is weaker at low temperatures due to the carrier localization
phenomenon in these samples.*”

Before the analysis of temperature dependence of energy
gap in these samples it is worth noting that the three layers
possess different strains as determined from HRXRD.? The
GalNy 02 Asg g ternary layer is tensilely strained (¢ = —7.9 x
107%), and its PR spectra shown in Fig. 2(a) clearly exhibit
two structures which are related to the heavy- and light-hole
splitting. The PR resonance at the lower energy corresponds
to the optical transition occurring between the light-hole band
and the conduction band (LH transition). The second line at
higher energy is associated with the absorption between the
heavy-hole band and the conduction band (HH transition). The
Gag.95In9 0sNo.02Asp.os layer is almost lattice matched to the
GaAs substrate (¢ = —0.7 x 107%), and thereby unstrained.
In consequence, no significant splitting of the valence band is
expected for this sample, and a single structure is observed on
the PR spectra. The GaNy 2 Aso.90Sbg g layer is compressively
strained (¢ = 4.5 x 1073) and, hence, a 15-meV valence band
splitting is expected for this sample according to standard
strain calculations in this material system; see, for example,
Ref. 31. In general, the shape of PR resonance confirms the
valence band splitting in this sample but the broadening of PR
resonances related to heavy- and light-hole transitions is much
larger than in the two previous samples and, therefore, the two
transitions are not well separated in PR spectra. According to
alloying rules, this larger PR resonance broadening is expected
in this sample for two reasons. First, the Sb concentration
(0.08) is larger than the In concentration (0.05) of the GaInNAs
sample. Second, the band-gap bowing is stronger for alloys
containing both N and Sb. For GalnAs the band-gap bowing
equals 0.477 eV while for GaAsSb it is 1.43 eV.*

In order to determine energies and broadenings of optical
transitions from PR measurements, these spectra were ana-
lyzed using the standard critical point (CP) model.** According
to this model the PR spectrum can be fitted using the following
formula:

AR
—— =Re

A Y Cie" o — Ej+il)™ |, (1)

j=1

where 7 is the number of the spectral functions to be fitted; iw
is the photon energy of the probe beam; E; is the CP energy;
and I';j, C;, and 6; are the broadening, amplitude, and phase
angle, respectively. The term m ; refers to the type of CPs, i.e.,
the nature of optical transitions, namely: m = 2 and 2.5 for
excitonic transition and band-to-band transition, respectively.

For the GaNyAspos layer it has been observed that
at low temperature, each optical transition associated with
LH and HH can be composed of two PR resonances: one
related to excitonic and the other to band-to-band absorption.>*
Figure 3 compares the PR spectrum of the GaNy gy Asg.og layer
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measured at 60 K with different calculations. Attempts to fit the
experimental spectra with two band-to-band transitions (short
dashed line) or two excitonic transitions (dashed line) only are
not fully satisfactory. In particular, the temperature dependence
of the transitions in the 10-80 K range cannot be adequately
reproduced by Varshni®*> or Bose-Einstein expressions®® since
the transition energy increases with the rise of temperature
up to ~60 K that is unusual for these expressions. Such
a variation of transition energy in this temperature range is
observed since the character of PR resonance is excitonic at
low temperature and becomes band to band with the rise of
temperature. The agreement with Varshni and Bose-Einstein
expressions is much improved when we consider that each
of the LH and HH transitions consists of two contributions,
the first related to excitonic absorption and the second related
to band-to-band absorption (see the solid line in Fig. 3). The
moduli of the individual PR resonances (o) have been obtained
according to Eq. (2):

G,
[Giw — Ej? +T2]""

Ap;(E) = @

with parameters derived from the fit. The moduli are shown at
the bottom of Fig. 3.

The splitting between the excitonic and band-to-band
contributions, which is a direct measurement of the free exciton

0.0004 T - T - T - T - T
o Expeimental data T =60K
| Fit with two resonances: ; 1
0.0003 L= — m=2.5 (band-to-band)

- ---m=2 (excitonic)
- —— Fit with four reson.

00002 L Moduli of PR reson.

0.0001

0.0000

-0.0001

Photoreflectance (AR/R)

-0.0002

-0.0003

1.16 1.18 1.20 1.22

Energy (eV)

1.14

FIG. 3. (Color online) PR spectrum of as-grown GaNg g Asgos
layer measured at 60 K (open points) together with different fitting
curves. The short-dashed and dashed lines represent the fitting of PR
data using two band-to-band (m = 2.5) and two excitonic (m = 2)
resonances, respectively. The solid line represents the fit using four
resonances, two excitonic and two band to band. The contribution
of the individual PR resonances (i.e., their moduli) to the total
approximating curve is presented at the bottom part of the figure.
The correlation coefficient (R?) is 0.954 and 0.972 for the fit by two
resonances with m = 2 and 2.5, respectively, and 0.999 for the fit by
four resonances (two with m = 2 and two with m = 2.5).
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FIG. 4. (Color online) Temperature dependencies of energies of optical transitions (solid points: excitonic transitions; open points: band-
to-band transitions) determined from PR measurements for as-grown (a) GaNy g2 Asg.os, (b) Gag 95Ing.05No.02AS0.98, and (c) GaNg 02 ASp.00Sbo.0s
layers. Dashes and solid lines correspond to fits by Varshni and Bose-Einstein formulas, respectively.

binding energy, can be extracted from our fitting procedure
with four PR resonances. For the GaNyAsgog layer, this
can be done quite accurately between 40 and 100 K, because
contributions of excitonic and band-to-band resonances are
comparable in this temperature range. As the temperature
increases, the contribution of excitonic resonance decreases.
As a consequence, above 120 K, the fit with four resonances
is no longer valid, but a satisfactory fit is obtained with two
band-to-band transitions.

For the Gag 951ng.0sNo.02 Asp.0g layer, an excitonic contribu-
tion has been also identified at low temperature and, therefore,
PR spectra have been fitted by two PR resonances: one
related to an excitonic absorption and the second related to
a band-to-band absorption.

PR spectra of the GaN g Asg.90Sbg o layer have been fitted
by one resonance, which is attributed to HH transition. In this
case an excitonic contribution to the PR signal is also expected
at low temperatures, but the broadening of the PR feature is
too large for a reasonable fitting of this signal by two or more
resonances.

Figure 4 shows energies of excitonic and band-to-band
transitions obtained from the fitting of PR spectra for the three
samples. Two very valuable properties of these layers can be
extracted from these data. The first property is the free exciton
binding energy in GaNyg2Aspos and Gag.g5Ing osNo.o2ASp.o8
layers whereas the second one is the temperature dependence
of the energy gap for the three alloys. Concerning the exciton
binding energy it is worth noting that the observed reduction
in energy separation between the excitonic and band-to-band
resonance for T > 80 K [see solid and open points in
Figs. 4(a) and 4(b)], does not mean a temperature-induced
reduction of exciton binging energy in these alloys. This
observation is associated with the fact that the contribution of
the PR signal related to excitonic transition decreases with the
increase in temperature. Therefore the exciton binding energy
is determined at lower temperatures.

For GaNj o2 Asg.og layer the LH and HH exciton binding en-
ergies have been determined tobe 4.5 + 0.5 and 6.5 £ 0.5 meV,

respectively. These binding energies are much larger than
the free exciton binding energy in GaAs. This phenomenon
is mainly attributed to the nitrogen induced increase in the
electron effective mass, which influences the exciton reduced
mass . Our experimental values correspond to a ~60%
increase in comparison to the electron effective mass (m,)
in GaAs, which is 0.067 mg according to Ref. 32. The
founded increase in the electron effective mass upon nitrogen
incorporation is in good agreement with the study of the
electron effective mass at the bottom of the conduction band
in GaNAs/GaAs quantum wells where the electron effective
mass was reported to be in the range of 0.09-0.12 m(.3"-*

Very similar exciton binding energy has been estimated for
the Gag 95Ing 05No.02As0.98 layer (8 =2 meV). In this case this
energy is attributed to the HH exciton since the PR signal
related to this transition is stronger (see, for example, PR
spectrum for the GaNAs layer). However, a contribution of
the PR signal related to the LH transition cannot be excluded
in this case and, therefore, the determination of the exciton
binding energy is less accurate for this layer than for the ternary
layer where the HH and LH transitions are well separated. So
far the exciton binding energy has not been studied for bulk
dilute nitrides. It is worth noting that the standard approach to
determine the binding energy from the thermal quenching of
free excitonic recombination is very limited in this case due
to strong carrier localization at low temperatures. Moreover
the other method based on measurements of excited states
for free excitonic transitions in reflectance spectra, which is
typical for binary semiconductors,***’ does not work in this
case due to large broadening of excitonic transitions caused by
the alloying effect.

The temperature dependencies of optical transitions related
to band-to-band absorption have been fitted using both the
Varshni*® and Bose-Einstein-type*® (B-E) expressions. The
Varshni equation is given by

aT?

Eo(T) = Eo(0) — BiT

3
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TABLE 1. Varshni and Bose-Einstein parameters extracted from fitting of PR data shown in Fig. 4 by Egs. (3) and (4).

Sample Eo(0) (eV) a (1074 eV/K) B (K) Eo(0) (eV) ag (meV) 05 (K)
GaAs* 1.519 54 225 1.571 57 240
GaNo.02Aso.08

LH 1.173 5.90 323 1.171 479 232
HH 1.204 5.89 329 1.202 47.9 234
Ga0‘95In0'05N0'02AS()'93 1.144 5.99 432 1.142 47.6 256
GaN()_ozAS()_g()Sb()_()g 1.007 5.95 456 1.001 67.7 339

4Reference 41.

where Ey(0) is the band gap at T = 0 K while « and g are
the so-called Varshni coefficients. The B-E expression, which
involves electron coupling to an average phonon (optical and
acoustical), is given by Eq. (4):

2a B
exp (%) = 1
where ap is the strength of the electron-average phonon
interaction and ®p is the average phonon temperature.

The dashed and solid lines in Fig. 4 are fits to Egs. (3)
and (4), respectively. The fit-determined parameters, Ey(0), «,
B, ap, and @ g, together with literature data for GaAs host*>#!
are listed in Table I.

Figure 5 shows temperature dependences of broadenings
of PR resonances related to the band-to-band absorption. This
dependence can be described by the Bose-Einstein formula,

Eo(T) = Eo(0) — “

r
Lo(T) = To(0) + - Lo (5)

xp (%2) — 17
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FIG. 5. Temperature dependencies of broadening of band-to-
band transitions determined from PR measurements for as-grown
GaNy 02 As.08, Gag.o5Ing.05No.02A80.08, and GaNg g2 Asg.90Sbo.og layers
together with fits by the Bose-Einstein formula.

where I'g(0) is the broadening mechanism due to intrinsic
lifetime, electron-electron interaction, impurity, dislocation,
and alloy scattering effects, I' o is the electron longitudinal-
optical (LO) phonon coupling constant, and ®r¢ is the LO
phonon temperature. Our experimental data have been fitted
by Eq. (5) and the fitting curves are shown by solid lines in
Fig. 5. The determined Bose-Einstein parameters are given in
Table II.

In general, we found that the E¢(7T) and I'o(7) and the
parameters describing their variation are very similar to those
which are reported for the corresponding N-free materials,?
except the I'y(0) parameter which increases with the nitrogen
content due to the alloying effect, as expected. In other words,
2% of nitrogen atoms in a III-V host do not significantly
influence the temperature dependence of the energy gap.
Previous reports derived a reduced dependence of the band-gap
energy of diluted nitrides with temperature as compared to
their N-free counterpart.!’>? It is worth noting that these
works were based on PL measurements corrected from carrier
localization energy at low temperatures. We believe that the
discrepancy with our results is due to an inaccuracy in the
estimate of the carrier localization from PL measurements.
This estimate is especially difficult if the localized emission
is observed up to the higher-temperature regime, e.g., up to
150 K. In this case, the application of absorptionlike techniques
(e.g., photoreflectance) is the best approach to determine the
temperature dependence of energy gap for III-V-N alloys.
The increase of I'g(0) parameter for N-containing alloys
is attributed to alloy inhomogeneities and/or a short range
clustering of atoms, which in our samples are quite small. It
is worth noting that these inhomogeneities in III-V-N alloys
as well atom clustering can be much larger and therefore
the LH-HH splitting is often not observed; see, for example,
Refs. 42 and 43.

TABLE II. Bose-Einstein parameters extracted from fitting of PR
data shown in Fig. 5 by Eq. (5).

Sample 'y (meV) I'Lo (meV) B0 (K)
GaNg 02 As.08

LH 9.47 13.1 361
HH 9.48 10.2 282
Ga0‘95In0‘05N0A02Aso‘93 11 2 11 8 275
GaNy.02As0.90Sbo.os 14.3 19.2 457
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FIG. 6. uPL spectra measured at various excitation powers for
as-grown (left panel) and annealed (right panel) GaNgo,Asgos
layers. The vertical line shows the energy gap determined from PR
measurements.

C. Microphotoluminescence studies of localized emission

Figures 6-8 show uPL spectra measured at various
excitation conditions and low temperature for the as-
grown and annealed GaNyASp98, Gag.osIng osNo.02AS0.9s,
and GaNy g2 Asp.00Sbo.os layers. In general, the power depen-
dencies of wPL spectra are very similar for the three alloys.
Sharp PL lines can be resolved at low excitation conditions.
These lines are much better resolved for GaNj pAsgog and
Gay .95Ing 05No.02 Asg.9g alloys than for GaNo,.02 Aso.90Sbo.os- By
moving out and then bringing back the excitation spot ata given
position, we verified that the sharp spectra are reproducible at
a given sample location. Thus, the whole fine structure of
this main PL band is specific to the particular position on the
sample and cannot be related to our measurement system. The
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FIG. 7. uPL spectra measured at various excitation powers for as-
grown (left panel) and annealed (right panel) GaggsIng 0sNo.02ASo.98
layers. The vertical line shows the energy gap determined from PR
measurements.
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FIG. 8. uPL spectra measured at various excitation powers for
as-grown (left panel) and annealed (right panel) GaNy 92 Aso.90Sbo.os
layers.

very important observation is that these lines show no spectral
shift with increasing excitation power; however, the sharp
features smeared out. We attribute these sharp lines to localized
excitons (LEs). At higher excitation, more LEs are created.
They contribute to the emission spectrum until the individual
lines cannot be resolved because their number becomes too
large. For as-grown samples, the envelope of the whole
emission band blueshifts with the increase in the excitation
power and an additional broad emission band appears at
the high-energy side. For the annealed GaNjy,Aspos and
Gayg 95In9 05 No.02 Asg.08 samples, it is also visible that at specific
excitation conditions two emission bands become observable;
see uPL spectra at the vertical dashed line. The lower-energy
band is also observed at low excitation conditions and is
composed of sharp PL lines whereas the higher-energy band is
smooth. For each sample, the peak energy of the smooth band
corresponds to the transition observed in the corresponding
PR spectrum (Fig. 2). Since PR is insensitive to localized
states, this peak is unambiguously attributed to the free
exciton transition. At high excitation, this free exciton emission
dominates the uPL spectra. The energy gap determined from
PR measurements at 10 K is marked in Figs. 6-8 by vertical
lines. These vertical lines are located below the PL peak
measured at the highest excitation since, in this condition,
free carriers with k 7 0O can contribute in the recombination
process. It means that the measurements that are just uPL (or
PL) without any support from the absorptionlike technique are
insufficient to study the optical transitions between localized
and delocalized states.

We conclude that the smooth PL band at the higher-energy
side is associated with delocalized states, namely, free exciton
and/or band-to-band recombination. The sharp PL lines are
separated from the energy gap by ~10-20 meV. Hence,
they are attributed to the localized exciton recombination. In
macro-PL spectra, the localized exciton recombination is also
observed just below the energy gap (see the LE band in Fig. 1).
In both micro- and macro-PL, this LE band shifts to blue when
the excitation power is increased. This reflects the progressive
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FIG. 9. uPL spectra measured along a line with a step of 10 um
and excitation power of 10 W for as-grown (left panel) and annealed
(right panel) GaN ¢, Asg g layers. The thick solid line represents the
normalized sum of all uPL spectra shown above this line.

filling of the localized states, until they become saturated.
Then, the contribution of free excitons grows and becomes
dominant. A further blueshift is eventually observed due to
the contribution of free carrier recombination with k # 0.
Several uPL spectra were measured on each sample, after
changing the position of the excitation spot (the diameter of
the laser spot is below 2 pm) along a straight line with 10-pm
steps (Figs. 9—11). At each position, the set of sharp lines is
different while the overall band extends over the same energy
range. It evidences that individual LEs can be resolved in
our uPL conditions. This is due to the small volume probed
in that case. Many localized excitons coexist with various
localization energies. When the probe size is too large, as in

as-grown Gag gsIn; 15Ny 0ASg o5 annealed Ga 4N, 15N 12AS) 08
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FIG. 10. uPL spectra measured along a line with a step of 10
pm and excitation power of 10 uW for as-grown (left panel) and
annealed (right panel) GaggsIng osNo.02 Asoes layers. The thick solid
line represents the normalized sum of all uPL spectra shown above
this line.

FIG. 11. uPL spectra measured along a line with a step of
10 um and excitation power of 10 uW for as-grown (left panel)
and annealed (right panel) GaNg 0, Asg.00Sbg.os layers. The thick solid
line represents the normalized sum of all uPL spectra shown above
this line.

the macro-PL condition, the sharp peaks become blurred. This
effect is well illustrated by summing several uPL spectra taken
at different spatial position of the same sample (see bold line in
Figs. 9-11 and details in figure captions). The result reasonably
reproduces the smooth LE band of the macro-PL spectrum.
Now, we examine the impact of postgrowth annealing
on the optical quality of the dilute nitride layers. For the
three alloys, the whole LE band is narrowed after anneal-
ing (Figs. 9-11). Moreover, for the GaNgAspog and the
Gay 95Ing 0sNo.02ASp.9s samples, the number of sharp lines
is decreased upon annealing (Fig. 12). This behavior is not
clearly observed for the GaN 2 Asp.90Sbg 0sNo.o2 layer which
shows an opposite tendency: Sharp features are more visible
after annealing. We have already mentioned that the individual
LE contributions in the as-grown GaNy ¢2As¢.990Sbg 0g sample
are not well resolved in our uPL measurements. A too high
density of LE can be at the origin of this observation. A
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FIG. 12. The number of sharp PL lines calculated for each uPL
spectrum measured for as-grown and annealed (a) GaN 0z Asgog and
(b) GagosIng 0sNo.02Aspos layers along a line; see Figs. 9 and 10.
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FIG. 13. (Color online) Temperature dependence of «PL spectra
measured at the excitation power of (a) 20 uW and (b) 5 uW for
the annealed GaNj o2 Aso 93 layer together with (c) activation energies
determined for individual sharp PL lines observed in panel (b).

decrease of the LE density upon annealing could then reveal
the sharp lines related to the remaining LE. These features
indicate that the optical quality of the GaNy AsSp.90Sbo.os
alloy is significantly different from that of the GaNg gyAs.98
and Ga0,951n0~05N0,02As0,98 alloys.

As discussed above, these excitons can be localized by
alloy fluctuations and/or by deep donor (acceptor)-like states.
For excitons localized on alloy fluctuations (i.e., excitons in
quantum dots formed by alloy fluctuations), an enhancement of
exciton binding energy is expected since the quantum confine-
ment enhances the electron-hole attraction. This enhancement
should scale with the depth of the potential minima associated
with these alloy fluctuations. Therefore, a spectral dispersion
of activation energy should be observed for such excitons.
For excitons localized on deep donor (acceptor)-like states,
the activation energy is not expected to vary since this energy
results from the electron-hole attraction which is constant for
such excitons. To investigate this question, we have determined
the activation energies of individual lines from uPL measure-
ments performed at various temperatures, using the approach
presented in Ref. 15. The spectra obtained for the annealed
GaNy g2 Asg og layer are shown in Fig. 13. In this particular case,
the activation energy does not change with the localization
energy: Within the experimental errors, the intensities of every
sharp PL line present identical thermal quenching. The same
behavior was observed for the Gag 95Ing sNg.02Asg 95 sample.
It suggests that the main origin of these sharp lines is related
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FIG. 14. (Color online) Sketch of excitons localized on deep
donorlike states (a) and alloy inhomogeneities (b) together with the
expected distribution of exciton binding energy (E}) for the two types
of excitons.

to excitons localized on deep donor (acceptor)-like states for
these two alloys. Indeed, the thermal quenching of their LE
lines is governed by the Coulomb attraction between electrons
and holes in bulk and homogeneous material.'> In the case
of the GaNj ¢2As90Sbgog sample, the activation energy of
individual sharp lines cannot be determined since they are
not well resolved. Instead, we measured the activation energy
for the whole LE band and found a value significantly larger
than the activation energy obtained for the sharp lines in
Ga(In)NAs alloys (i.e., 15 meV compared to 7 meV). It is
worth noting that the activation energy for the whole LE
band in GaN0.0zASQgg and Ga0,951n0,05N0_02A50_93 alloys is
very similar to the average activation energy determined for
individual sharp lines as should be expected since no spectral
dispersion of activation energies is observed for sharp PL
lines in these samples. It means that this larger activation
energy suggests a different character of localization for the
excitons in GaNg 2 Asp90Sbgs. For this alloy, we invoke
alloy inhomogeneities'"'> producing potential fluctuations
which can confine the excitons efficiently. The excess of
activation energy is probably due to the quantum confinement
in the potential fluctuations. Therefore, we believe that the
LE emission observed for the GaNy g2Aso.90Sboog sample is
mainly due to excitons localized by alloy inhomogeneities.
However, excitons localized on deep donor (acceptor)-like
states are also present in this sample, and therefore some of the
uPL spectra measured for the annealed GaNy 92As0.90Sbo.os
sample possess sharp lines like those observed in uPL spectra
of GaNy 02 Asp.og and Gag g5Ing 0sNg.02Asg.9g samples, but this
channel of recombination is not dominating in this sample.
Figures 14(a) and 14(b) schematically illustrate excitons
localized on deep donorlike states and alloy inhomogeneities,
respectively. The spectral dispersion of excitons localized on
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alloy fluctuations is related to various sizes and contents of a
given fluctuation. Such a potential fluctuation can enhance
the binding energy of exciton confined on this fluctuation
while the binding energy of excitons localized on deep donor
(acceptor)-like states is expected to be constant and close to
free exciton binding energy (FE;) in this material. However,
the spectral position of excitons localized on deep donorlike
states of the same structural origin can vary in some range due
to energy-gap fluctuations as shown in Fig. 14(a). When the
thermal energy is higher than this attraction, electrons (holes)
are still localized by deep donors (acceptors) but they cannot
recombine radiatively since no hole (electron) is near the deep
donor (acceptor) state. It means that the carriers localized
by deep donors (acceptors) recombine nonradiatively when
the thermal energy is higher than the free exciton binding
energy. The source of deep donor (acceptor)-like states can be
N-related point defects as well as point defects and impurities
typical for the matrix material. For excitons confined on
alloy fluctuations the Coulomb attractions between electrons
and holes are stronger and hence they can be observed at
higher temperatures. Moreover, carriers localized on such alloy
inhomogeneity can recombine radiatively even if the thermal
energy is larger than the exciton binding energy.

Alloy fluctuations and deep donor (acceptor)-like states
influence the optical quality of III-V-N alloys in different
ways. Alloy fluctuations with no other structural defect do not
influence the internal quantum efficiency of PL. Conversely,
the presence of deep donor (acceptor)-like states can be
an important source of nonradiative recombination at room
temperature. The two might coexist with variable weighting in
the dilute nitrides alloys. An increase in the number of point
defects without change in alloy fluctuations always leads to the
reduction of the PL intensity. Conversely, an increase of alloy
inhomogeneities without change in the concentration of point
defects does not produce a degradation of the integrated PL in-
tensity. If nonradiative centers coexist with alloy fluctuations,
the latter can even reduce nonradiative recombination: The
carriers localized by alloy fluctuations cannot diffuse toward
the nonradiative centers. This situation is reported for the
GalnN alloys which contain composition inhomogeneities as
well as dislocations and other structural imperfections. Despite
a high density of these structural defects, this GalnN alloy can
emit a strong PL intensity, even at room temperature.*+*

Among the three samples investigated in this paper, the
near-band-edge PL emission at room temperature is the
strongest for the GaNpAsp90Sbo s alloy. This suggests
that either the density of nonradiative centers is smaller in
this alloy, or their influence is reduced by the presence of
stronger alloy fluctuations. The fact that the intensity of DT-VB
recombination for GaNg g2 Asg 9oSbg og 1s much weaker than for
the two other alloys (see Fig. 1) indicates that the GaNAsSb
alloy contains a lower concentration of deep donor (acceptor)
states. On the other hand, our comparison of the three samples
evidences that the excitons are more efficiently trapped in the
alloy fluctuations of GaNAsSb. Therefore, the combination
of these two characteristics could explain the stronger PL
emission of this alloy.

Obtained results and analysis for single samples of three
alloys clearly suggest that the formation of native point
defects in dilute nitrides depends on the III-V host. GaAs
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and GalnAs hosts seem to be very similar whereas the
GaAsSb host differs very significantly from the two previous
hosts. Moreover it is expected that the optical activity of
native defects in the three alloys is different. The energy-
gap inhomogeneities in the GaAsSb host are larger than in
Ga(In)As hosts and, therefore, energy-gap inhomogeneities
in GaNj ¢2Asp99Sbgog alloy are also much larger than in
GaNo'ozASQ.gg and Gao_95In0_05N0_02ASO.9g alloys; this conclu-
sion is confirmed by larger broadening of PR resonances for
GalNy.02Asp.905bg 0s. Because of this the presence of native
point defects including N-related defects can be manifested
with a weaker activity due to stronger carrier localization. A
similar effect is observed in GaInN alloys.*+*3

Finally, it is not excluded that a donor-acceptor pair (DAP)
recombination is also present for these alloys. But it is surely
excluded that the whole band of sharp PL lines has DAP
character since no phonon replicas are observed for this band
and the shape of this band is unusual for DAP recombination.

D. Monte Carlo simulations of microphotoluminescence spectra

Changes observed in puPL spectra can be reproduced
by Monte Carlo simulations within the model of hopping
excitons.* After other authors,*’*® we assume that excitons
behave like noninteracting single particles which can be
trapped by localization potentials due to the energy dissipation
process, i.e., they migrate between localization potentials with
a given probability via phonon emission (hopping to states
with lower energy) and phonon absorption (hopping to states
with higher energy). The energies of the localized states
are chosen in such a way that they create an exponential
density of states (DOS). An exciton trapped by the localization
center can recombine radiatively, hop to the extended states
or hop to another localization center. A detailed description
of Monte Carlo simulations of uPL spectra is given in
Ref. 46. In this section essential points of our approach to
simulate uPL spectra are described. Next, a few examples
of simulated wPL spectra are presented and discussed in
the context of experimental data reported in this paper. We
focus on simulations of uPL spectra with different carrier
generation rate (it corresponds to uPL measurements with
different excitation power), various temperatures, and different
densities of localization centers (e.g., point defects).

The key issue in our model is that we assume that the same
localization center is radiative or nonradiative depending on
the temperature. Atlow temperatures, when the thermal energy
is smaller than the exciton binding energy, such a center works
as a radiative center but if the temperature is higher than the
exciton binding energy this center works as a nonradiative
center. Such an assumption results from recent experimental
studies of the activation energy of individual exciton lines for
GalnNAs alloys.'> We observed that the activation energy for
localized excitons does not change with the localization energy
and is equal to the electron-hole attraction energy (Fig. 13).
Taking into account this fact we assume that the nonradiative
recombination rate v,, is described by the expression

Vnr = Vg €XP ;—Th (6)
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where v, is the rate of exciton dissociation (nonradiative
recombination) and ¢y, is the energy of electron-hole attraction
in Ga(In)NAs. This energy is assumed to be g, = 7 meV
according to the analysis in Fig. 13 and Ref. 15. Another
modification that we have done in comparison to previous
simulations*’*} is to take into account saturation effects and
emission from delocalized states; see details in Ref. 46. Finally,
the following events can happen in our simulations:

(i) A free exciton can recombine radiatively, can dissociate,
or can be captured by an unoccupied localized center with the
rate

Ny

Vcap = VOW . (7)

where v, is the characteristic frequency of the hopping process,
N is the number of unoccupied localized states, and N is the
total number of localized states. The free exciton recombines
with a random energy which is described by the Gaussian
distribution resulting from alloy inhomogeneities.

(i) A localized exciton can recombine radiatively with
the rate given by v, = 7 ' (1y is the exciton recombination
time), recombine nonradiatively with the rate given by Eq. (6),
hop to the extended states with the rate given by v, =
Vo exp(—,f—}), or hop to another unoccupied localization
center with the rate given by the Miller-Abrahams formula
vij = 1o exp(—% — %‘;’78"'), where ¢; and ¢; are the
localization energy of said i and j, 7;; is the distance between
them, and « is the decay length of the exciton center of mass
wave function.***® The radiative emission from a localized
state is described by a PL peak with a Lorentzian line shape.

In the previous work*® we used an appropriate algorithm to
take into account the saturation effect. We created a list which
contains a given number () of free excitons at time t = 0. Next
we took the first exciton from the list and determined the type of
process for this exciton and the time for the next process for this
exciton. After this procedure excitons were sorted in the list
according to the time of the next process. Such an exciton was
removed from the list if the recombination process took place.
This procedure was repeated until all excitons recombined. It
is worth noting that this approach corresponds more to a pulse
laser excitation rather than a continuous wave (cw) excitation,
which is used in the present ©PL measurements. In order to
make these simulations closer to cw excitation conditions, the
above-described algorithm can be easily modified by changes
in the preparation of the exciton list. Instead of creating all
free excitons at time + = 0 we create a list which contains
excitons uniformly distributed according to the time of creation
(appearing as free excitons). The ratio of number of excitons
n created in time interval At is a generation rate G.

For a given distribution of localization centers, simulations
were repeated many times in order to obtain reliable results.
The needed parameters for our simulations are tyvy, Tovy, and
NL—°§3. To estimate the value of 7oy, we take vy equal to the
Debye frequency (v = 1073 s7!) and the exciton lifetime in
GaNAs and GalnNAs equal to 100 ps on the basis of time-
resolved PL measurements.*>>* This gives tovy = 103, The
Tovg parameter can be extracted from the PL measurements;
see details in Ref. 46. For the low-temperature regime in dilute
nitrides this parameter is in the range of 10-100,%'? and for
our simulation this parameter is assumed to be 14 as in Ref. 46.
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For localized states we assume an exponential DOS,

3
ML exp (—3), @®)
I I

with &g = 10 meV, which is determined according to the rule
Ae = 3g0,>3 where Ace is the full width at half maximum of the
PL peak. L is the size of the cubic volume and N is the number
of localized states in this volume. We performed simulations

for various N (i.e., various values of N—"é}, where « is the same
decay length of the exciton wave function which appears in
the Miller-Abrahams formula; see details in Refs. 46-48).

In order to generate PL spectra, we sum all the recombina-
tion processes, which are described by a Lorentzian line with
broadening y = 0.7 meV for the localized exciton emission
and a Gaussian line with broadening o = 10 meV for the free
exciton emission. These broadening values are consistent with
the experimental data reported above. The large broadening of
the free exciton recombination line is due to inhomogeneities
in III-V-N alloys.

Figure 15 shows uPL spectra simulated for different
generation rate G. It is clear that at large G, the PL spectrum is
dominated by the free exciton recombination (this contribution
is represented by the short-dashed red line in Fig. 15). Besides
the main PL peak, a small contribution of localized exciton
recombination is observed at the low-energy side. When the
number of injected carriers is decreased, the free exciton
recombination disappears and the spectrum is dominated by
sharp lines which are associated with the recombination of
localized excitons. These simulations reproduce fairly well
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FIG. 15. (Color online) Theoretical simulations of uPL spectra
obtained for various generation rate (a) G = 50000 ns~!, (b) G =
5000 ns~!, (¢) G = 500 ns~!, and (d) G = 5 ns~!. Simulations were
performed at T = 5 K for No® /L* = 0.027 (N = 1000); the dashed
blue lines represent the exponential tail of DOS with &g = 10 meV; the
short-dashed red lines represent Gaussian distribution of free exciton
transition with the broadening ¢ = 10 meV. The simulated uPL
spectra are normalized to 1 for better visualization.
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our experimental uPL spectra showing sharp PL lines at low
excitation power (Figs. 6-8). In the low carrier injection regime
(Gty < N), the evolution of uPL spectra is related to hopping
of excitons between localized states. This phenomenon is
random, and due to the hopping process the DOS (see the
dashed red line) is not an envelope of the PL spectrum. When
the generation rate is large (Gtp > N) the hopping process
is strongly reduced since most of the localized states are
occupied. The exciton recombines from its localized state or
hops to the extended states and recombine as a free exciton.
Besides the generation rate G, the shape of the PL spectra
depends on the number of localizing states. This number
can change from sample to sample due to different growth
conditions, the change of host matrix, and the postgrowth
treatment (e.g., annealing). In the Monte Carlo simulations
of uPL spectra the number of localizing states is represented
by the N parameter. Figure 16 shows the influence of N
parameter on u PL spectra obtained for low (left panel) and
large (right panel) exciton generation rates. It is clearly visible
that the band of sharp PL lines is enhanced when the number
of localizing potentials (N parameter) is increased. This effect
is much more visible for larger exciton generation since the
two parameters (Gt and N) are more comparable in this case.
It is worth noting that in some regimes of exciton generation
and numbers of localizing potentials it is rather difficult to
make conclusions about the number of localizing potentials
from experimental data (i.e., compare in which sample the
number of localizing centers is larger). In these regimes of G
and N parameters the uPL spectra look very similar due to
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the random character of energy transfer to localized states. It
means that the number of sharp lines does not correspond
directly to the sample quality since the localizing centers,
which are associated with particularly narrow PL lines, can
contribute in the emission process with different magnitudes.
However if the number of localizing centers differs by an
order or a few orders it should be possible to recognize some
difference in uPL spectra. The main difference lies in the
“effective” spectral position of the band of sharp lines. For
samples with larger numbers of localizing centers this band is
more strongly shifted tored (i.e., the Stokes shift is larger). This
effect is clearly observed in our simulations (see Fig. 16) and
experimental data if the as-grown and annealed samples are
compared (see Figs. 6 and 7). The increase of redshift is caused
by the enhancement of the hopping process. When the density
of localizing states increases excitons can more easily achieve
more deeply situated localizing states. A more comprehensive
discussion of this effect can be found in Ref. 54.

The other experimental observation, which can be re-
produced by Monte Carlo simulations, is the fast thermal
quenching of sharp PL lines. In our simulations, it is very
easy to take the influence of temperature into account since
kT energy is directly in our equations; see Eq. (6) and Ref. 46.
An example is shown in Fig. 17. The simulation reproduces the
experimental observation of Fig. 13: When the temperature is
increased, the intensity of each sharp PL peak decreases and the
relative intensities between individual peaks is not changed.

It is worth noting that the results of simulations presented
in this work are qualitatively very similar to those reported
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FIG. 16. (Color online) Theoretical simulations of wPL spectra obtained for low (left panel) and high (right panel) carrier injection for
systems with various concentrations of localizing centers which are represented by N. Simulations were performed at 7 = 5 K for N = 500,
1000, 5000, and 10 000; the dashed blue lines represent the exponential tail of DOS with ¢y = 10 meV; the short-dashed red lines represent
Gaussian distribution of free exciton transition with the broadening o = 10 meV.
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FIG. 17. (Color online) Theoretical simulations of temperature
dependence of uPL spectra obtained for carrier injections of G =
4000 ns~'. Simulations were performed for Na®/L? = 0.027 (N =
1000).

in Ref. 46 despite the fact that the previous simulations were
performed for conditions corresponding to a pulse injection
of carriers (a pulse excitation), which can be far from cw
excitation. Any significant differences between the present
and previous simulations are observed since the time constant
describing the carrier capture and hopping process is much
smaller than the recombination time. In the short time after
the pulse excitation, excitons are captured by localizing states
and these states stay occupied for a relatively long time, so the
remaining free excitons cannot be captured by these states and
therefore they recombine as free excitons. The saturation effect
looks very similar for cw excitation conditions in some range
of excitation intensity, i.e., some of the excitons are captured
by localizing states and they saturate these states. Excitons that
are generated later cannot be captured by saturated states and
therefore they recombine as free excitons. The difference in
this two excitation modes would be clearly visible in the time-
resolved PL experiment; however, in the time-integrated PL
experiment the method of sample excitation does not change
the character of the uPL spectrum.

IV. SUMMARY

The temperature dependence of the energy gap has been
determined for GaN()_OQASQgg, Ga0_95In0_05N0_02As0,9g, and

PHYSICAL REVIEW B 88, 125201 (2013)

GalNy 02 As0.90Sbg o8 alloys from PR measurements, which are
absorptionlike and hence not sensitive to localized states. In
addition, the free exciton binding energies in GaNy g Asp.9s
and Gag g5Ing 05No.02Aso.0g layers have been determined from
PR measurements in a low-temperature range. These energies
are 4.5+ 0.5 and 6.540.5 meV for the LH and HH exciton,
respectively, in GaNy g2 Asg.og and 8 £ 2 eV for the HH exciton
in Gag.95Ing.05sNo.02AS0.08.

Optical transitions from localized states have been clearly
observed in PL and wPL spectra. Their nature has been
determined on the basis of wPL measurements at various
excitation powers and temperatures and their comparison
with PR measurements. Three PL bands have been identified
in macro-PL spectra for the three alloys. The first band is
observed ~0.2-0.4 eV below the energy gap and is due
to DT-VB recombination. The second band is observed
~10-40 meV below the energy gap and comes from the
emission of localized excitons. This emission was studied in
detail in uPL. It is concluded that two types of localized
excitons exist in these layers: (i) excitons localized on
deep donor (acceptor)-like states and (ii) excitons localized
on alloy content fluctuations. The first type of exciton
dominates in GaNo_ozAS()_gg and Gao_ggln().()sNo_ozAS()_()g lay-
ers whereas the second type of exciton dominates in the
GalNy 02 As0.905bg o layer. The third band of emission is related
to the free exciton and band-to-band recombination. This
emission is clearly observed in uPL spectra at high excitation
conditions.

Comparing PR, PL, and uPL spectra measured for the
three layers, it is concluded that the GaNy AsSg.90Sbo.os
alloy presents the largest compositional inhomogeneities
and the lowest density of deep donor (acceptor)-like states.
The room temperature PL intensity is much stronger for
this alloy than for Ga(In)NAs alloys. These results indi-
cate that the formation of native point defects, probably
related to N, and their optical activity depend on the
III-V host matrix. GaAs and GalnAs hosts seem to be very
similar whereas the GaAsSb host contrasts with the two
others.
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