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Abstract
We present a study of melt grown dilute nitride InGaAsN layers by x-ray photoelectron
spectroscopy (XPS), Raman and photoluminescence (PL) spectroscopy. The purpose of the
study is to determine the degree of atomic ordering in the quaternary alloy during the epitaxial
growth at near thermodynamic equilibrium conditions and its influence on band gap formation.
Despite the low In concentration (∼3%) the XPS data show a strong preference toward In–N
bonding configuration in the InGaAsN samples. Raman spectra reveal that most of the N atoms
are bonded to In instead of Ga atoms and the formation of N-centred In3Ga1 clusters. PL
measurements reveal smaller optical band gap bowing as compared to the theoretical predictions
for random alloy and localised tail states near the conduction band minimum.
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1. Introduction

The great interest in InGaAsN alloys for more than two
decades is due to their potential to alter the energy band gap
and the lattice constant, which creates the additional flex-
ibility desired in many applications such as multijunction
solar cells [1, 2], heterojunction bipolar transistors [3] and
high-speed photodetectors [4]. However, epitaxial growth of
dilute nitride bulk layers remains a great challenge because of
the low incorporation efficiency of N into the growing crystal,
the large alloy miscibility gap in the phase diagram, the large
difference in lattice constant between nitrides and arsenides
and the local high strain near N atoms. These problems are, in
part, responsible for the creation of nonradiative centres and
structural inhomogeneity, resulting in general in the poor
luminescence efficiency of as-grown InGaAsN. Even at very
small concentrations the incorporation of nitrogen into crystal

lattice deteriorates the crystalline quality of GaAs and dra-
matically changes the physical properties of the compounds
[5, 6]. The quality of the epitaxial layers depends strongly on
the growth conditions. The epitaxial growth under extreme
nonequilibrium conditions, such as molecular beam epitaxy
(MBE) and metalo-organic chemical beam deposition
(MOCVD), favours the formation of various defects respon-
sible for many of the anomalous optical and transport prop-
erties of dilute nitride alloys [7–10]. In order to reduce defect
densities and obtain more ordered alloys, additional annealing
is performed [11–13]. During annealing at thermal equili-
brium conditions a short-range ordered structure is partially
formed due to increasing number of N–In nearest neighbours
over the random configuration. This local ordering improves
the luminescence properties of the alloy and has a great
impact on band gap formation and optical bowing. In contrast
to other epitaxial methods the crystallisation at liquid phase
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epitaxy (LPE) is carried out under near equilibrium conditions
and atom ordering occurs during growth.

Many theoretical methods have been applied to study the
anomalous effects observed in III–V nitrides: the band-
anticrossing model describes the electronic structure of dilute
nitrides by considering the interaction between the deloca-
lised states of the host semiconductor and the localized states
of the highly electronegative nitrogen impurity, but ignores
cluster states beyond the isolated nitrogen atoms [14]. The
empirical pseudopotential theory describes the evolution of
the electronic structure of GaAsN alloys, from the dilute
impurity limit to the fully formed alloy [15]. Semi-empirical
tight-binding model allows calculating the dependence of the
optical and transport properties of the material on the nitrogen
concentration in a wide energy range [16].

Up to now, a few efforts have been made to understand
the local microstructure, i.e. possible atomic ordering in these
alloys, which can dramatically alter their electronic and
transport properties important for device applications. Kim
and Zunger [17] pointed out that the number of atomic bonds
of each type in InGaAsN is not only related to the compo-
sitions as in the case of ternary alloys but also depends on the
possible short-range atomic ordering in the quaternary com-
pound. By means of Monte Carlo simulations, these authors
analysed the different kinds of atomic bonds in InGaAsN and
predicted a strong effect of the short-range ordering on the
formation of the alloy band gap.

In this paper, we present an experimental study of the
microstructure of InGaAsN layers grown from melt by LPE at
near equilibrium conditions. For that purpose, we have
investigated the structural and optical properties of as-grown
InGaAsN layers.

2. Experimental details

The InGaAsN samples under study were grown by low-
temperature LPE on (100) n-type GaAs:Si (∼1018 cm–3)
substrates. A series of samples was grown from a mixed
solution with composition of 90% In +10% Ga, both with a
6N purity. Polycrystalline GaAs and GaN with a purity of 5N
were used for sources of As and N respectively. The N
content in the melt was 0.5 at.%. The crystallization was
carried out from the initial epitaxy temperature in the range of
590 °C–560 °C at a cooling rate of 1 °Cmin−1 for 2–3 min.
The thickness of the layers was measured on the cross-section
by scanning electron microscopy (LYRA I XMU, Tescan)
and is in the range 2–2.5 μm. The In concentration measured
by energy dispersive x-ray microanalyzer (Quantax, Bruker)
is ∼3 аt.%. The high-resolution x-ray diffraction (XRD)
method was used for the determination of the lattice para-
meter, mismatch and crystalline quality of the layers. The
measurements were performed in the θ/2θ geometry on a
Seifert XRD 3003 PTS, which utilises a parallel beam with
monochromatic Cu Kα1 radiation (λ = 0.154 06 nm,
2-bounce Ge(220) crystal primary monochromator) and a
scintillation detector.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an AXIS Supra electron spectrometer
(Kratos Analytical Ltd) with a base vacuum in the analysis
chamber in the order of 10−8 Pa. The samples were irradiated
with monochromatized Al Kα photons with energy of
1486.6 eV. The photoemitted electrons were separated,
according to their kinetic energy, by a 180° hemispherical
analyser with a total instrumental resolution of 0.54 eV (as
measured by the FWHM of Ag 3d5/2 line) at a pass energy of
20 eV. Energy calibration was performed by normalising the
C 1 s line of adventitious adsorbed hydrocarbons to 285.0 eV.
The diameter of the analysis area was 750 μm.

Photoluminescence (PL) measurements at 300 K were
performed using laser excitation at 532 nm (2.33 eV) with
50W cm−2 power, a 0.5 m focal length spectrometer (Acton
2300i, Princeton Instruments) and a Si detector. PL at 2 K and
109 K was also measured using a Jobin Yvon monochromator
(model HR460, f = 460 mm) and 532 nm laser excitation. In
this case, a much lower excitation power (∼100 mW cm−2)
was enough to obtain a strong enough PL signal, which was
detected by a CCD camera.

Micro-Raman spectroscopy by means of a Jobin Yvon
LabRAM HR800 spectrometer and laser excitation at 632 nm
was applied in the backscattering geometry to study the
microscopic lattice structure related to the incorporation of N
in InGaAsN alloys.

3. Results and discussion

3.1. XRD

A typical XRD curve is plotted in figure 1. Two sharp peaks
associated with the GaAs substrate and the InGaAsN layer are
observed indicating a high quality material. The lattice mis-
match Δa/ao determined from the XRD spectra is around
0.16%. From the value of the lattice constant and the con-
centration of In it is possible to assess the concentration of N.
For that purpose an interpolation is usually used between the
lattice constants of GaAs, InAs, GaN and InN. While the
other parameters of ternary compounds often show non-linear
dependencies on the concentration, the lattice constant

Figure 1. High-resolution XRD (004) curve of an InGaAsN sample.

2

Semicond. Sci. Technol. 32 (2017) 085005 M Milanova et al



dependence is much closer to linear and is known as Vegard’s
rule. This is especially true for low concentrations of In in
InGaN [18] and N in GaAsN [19]. For quaternary InGaAsN
and pentanary InGaAsSbN compounds Vegard’s rule was
used in [20]. Taking into account the low concentrations of In
and N in our InGaAsN layers, we assume that the effect of the
deviations from Vegard’s rule can be neglected. Therefore,
we use a linear dependence of the lattice constant on the
concentrations as follows [20]:

a xya

x y a y x a
x y a

In Ga As N InN

1 GaN 1 InAs
1 1 GaAs , 1

y y x x1 1 =
+ - + -
+ - -

- -( ) ( )
( ) ( ) ( ) ( )

( )( ) ( ) ( )

where the lattice constants of GaAs, InAs, GaN and InN are
taken from [21]. From this equation we obtain the N con-
centration to be 0.27 ± 0.03%.

3.2. XPS

XPS is an efficient method to explore the nearest-neighbour
bonding configuration for N in different compounds. How-
ever, the XPS analysis of the present samples is complicated
because Ga Auger peaks appear in the same spectral region as
the N 1s photoelectron peak. In order to distinguish the
N-related lines from the Ga Auger lines in the InGaNAs
spectra a GaAs (001) reference sample was also analysed.

The surfaces of the InGaAsN layers and GaAs reference
sample were cleaned in situ in the XPS chamber by 1 keV
Ar+ bombardment. The absence of atmospheric contamina-
tion was established by monitoring the C 1s, O 1s, As 3d, As
2p, Ga 3d, and Ga 2p photoelectron peaks. Before the
cleaning procedure, complex structures of the Ga- and As-
peaks and carbon- and oxygen-contamination were detected.
The In 3d5/2 line showed a small shift to higher binding
energy (compared to the clean surface), which can be asso-
ciated with the surface oxidation of In atoms. After the ion
bombardment no oxygen amount (and also carbon) is detec-
ted within the experimental sensitivity and therefore we can
exclude the presence of oxidised In as a phase in InGaAsN
sample. The binding energies of the Ga 2p3/2 and As 3d
peaks for the clean GaAs-standard and InGaAsN sample are
similar within the experimental error (i.e. 0.1 eV).

In figure 2 the photoelectron spectra of InGaAsN and the
referent GaAs samples are compared in the binding-energy
range of 386–408 eV. The dominant features are the Ga
L2M45M45 Auger peaks, which overlap the N 1s contribution.
In order to detect reliably the N 1s peak characteristic for
InGaAsN, the complex Ga LMM structures of both samples
are fitted with their different transition-term contributions
according to the detailed analysis of Antonides et al [22].
Intense Ga LMM contributions centred at 389.7 eV, 393.3 eV
and at 398.4 eV are seen in the spectra. The comparison with
the GaAs referent sample allows detecting the N 1s core-level
peak (Gaussian, FWHM of 0.8 eV) at 397.2 eV in the spec-
trum of the InGaAsN sample. This peak is partially over-
lapped with the contribution of the 1S final-state term in the
L2M45M45 Auger process.

In the ideal case N has five different nearest-neighbour
configurations for InGaAsN, and their binding energies are
closely distributed at an interval of 1 eV from 397.0 eV
(energy of the 4-In configuration) to 398.0 eV (energy of the
4-Ga configuration) [23, 24]. The observation of the 397.2 eV
peak in figure 3 indicates that N–In is the dominant bonding
configuration in our InGaAsN samples. This finding is in
good agreement with the theoretical analyses of the micro-
scopic lattice structures related to the incorporation of N in
InGaAsN alloys performed by Kim and Zunger by means of
Monte Carlo simulations [17]. These authors have found that
the equilibrium configuration of the alloy that minimises the
sum of strain plus ‘chemical’ (bond) energies is (GaAs) +
(N–In) bond configuration, i.e. it is energetically more
favourable to form ordered alloy GaAs + InN. This type of
short-range ordering results in a statistically enhanced con-
centration of N-centred In3Ga1 clusters.

The samples under study are grown by LPE, which is
carried out under near to equilibrium conditions. For that
reason, considering the theoretical predictions from [17] we
assume that the GaAs configuration is preferred for better
lattice matching of the alloy to the GaAs substrate and N–In

Figure 2. Ga LMM Auger region in the XPS spectra of the InGaAsN
and GaAs samples. The inset shows closer views of the region
around the N 1s peak, revealing a N–In bonding configuration. The
different peak contributions are coloured in blue and their sum in
red. The N 1s peak area (in the low spectrum) is filled in green.
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bonds are more favourable since they reduce the local strain.
The short-range ordering and the dominance of N-centred
In3Ga1 clusters is an important feature of quaternary
InGaAsN isovalent systems, which influences the optical
properties of the alloys [17]. This is evidenced below in the
discussion of the results from the Raman and PL
measurements.

3.3. Raman spectroscopy

Raman spectroscopy is a direct method for studying the local
environment of nitrogen atoms in dilute nitrides. Figure 3
displays the Raman spectrum of an InGaAsN sample. In
addition to the GaAs-like LO and TO phonons, the spectrum
reveals acoustic modes as well as second-order signatures due
to the relaxation of the Raman selection rules caused by the
nitrogen-induced disorder. One does not observe N-induced
local vibration modes (LVM) around 472 cm−1, associated
with an isolated nitrogen atom bonded to four Ga neighbours
(NAsGa4). Instead, a LVM peak at 447 cm−1 originating from
N–In bonds appears. Because of the low N content in the
layers the signal-to-noise ratio for this peak is relatively small
similar to other reports on Raman spectra of dilute nitrides
with similar content of nitrogen [25, 26]. A similar LVM peak
has been reported to occur as a new additional feature of
MBE grown InGaAsN after annealing at high temperatures
[27]. This frequency is close to the value of 443 cm−1 of the
nitrogen mode in InAs. It has been found theoretically and
experimentally that in as-grown In-rich low Ga-content dilute
InGaAsN alloys a complete change from pure In–N bonding
(NAsIn4) to the preferential bonding in N-centred In3Ga1
clusters occurs [28, 29]. On the other hand for Ga-rich
InGaAsN samples grown by MBE and MOCVD additional
LVM bands between 472 and 443 cm−1 have been observed
after annealing [30–33]. Since the recorded LVM peak of our
samples is close to those of In-rich compounds we can
assume that the N-centred In3Ga1 clusters are the dominant
configuration for N atoms, which is in accordance with the

XPS results. Obviously, the LPE growth at the near equili-
brium condition tends to form an indium-rich environment for
the nitrogen atom even for low In content compounds.

3.4. Photoluminescence spectroscopy

Typical PL spectra of the InGaAsN samples measured at 2 K,
109 K and 300 K are presented in figure 4. The PL spectral
shape at 2 K consists of a sharp peak at 1.459 eV with a
low-energy tail. We suggest that two carrier recombination
mechanisms are responsible for the PL emission. The sharp
high-energy peak is due to the near band-edge luminescence,
while the low-energy tail originates from the recombination of
photogenerated carriers trapped by defect states in the con-
duction band tail of the InGaNAs layer. N-related defect
states, both localized and extended, present very close to the
band edge, and their mixing with the band-edge provide an
asymmetry to the luminescence spectrum on the low-energy
side as discussed in [34].

At a temperature of 109 K the PL peak shifts to lower
energies and decreases in magnitude by a factor of 45 (not
shown here). It is broader and reveals many small peaks and
shoulders on both of its sides. The thermal quenching of PL is
attributed to the activation of nonradiative channels associated
with N-related defects [35]. In addition, the temperature
facilitates the trapping in deeper recombination centres and
this, together with the band gap decreasing, accounts for the
red shift and broadening of the PL peak. A further increase of
the temperature to 300 K leads to a much broader emission
peak centred at 1.362 eV. The red shift with respect to 2 K is
due to band gap narrowing with increasing temperature. An
exponential tail is present at the high-energy side of the peak
resulting from the Boltzmann carrier distribution.

The band gap values determined from the PL peak
positions are larger than the value (1.325 eV) calculated for
random dilute nitride alloy (with the same composition) by
the empirical tight-binding method with the use of virtual
crystal approximation for the tight binding parameters of the

Figure 3. Raman spectrum of an as-grown InGaAsN layer.

Figure 4. Normalised PL spectra of an InGaAsN sample measured at
2 K, 109 K and 300 K.
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InGaAs ternary [36]. The calculated value is indicated by a
vertical line in figure 4. This discrepancy could be explained
taking into account the above mentioned theoretical analysis
of Kim and Zunger [17], which has shown that the band gap
formation of the quaternary InGaAsN depends not only from
the composition, but also from the short-range ordering of the
atoms. The main results of this local ordering are an increase
in the band gap with respect to the random alloy case and the
appearance of a tail of localized states around the conduction
band minimum due to different clusters of nitrogen atoms
surrounded by varying number of In and Ga atoms. As stated
above, LPE growth at near equilibrium conditions favours
this short-range ordering, which main effect on the band gap
formation of the grown layers is reducing the optical bowing
as compared to random alloys.

4. Conclusion

Dilute nitride InGaAsN layers with low In concentration (∼3
at.%) and thicknesses in the range 2–2.5 μm have been grown
on GaAs substrates by low-temperature LPE. The nitrogen
content in the layers determined from XRD diffraction curves
is about 0.3 at.%. The nitrogen bonding configurations
have been studied by means of XPS and Raman spectroscopy.
The N(1s) core-level photoelectron spectra show a peak,
corresponding to a binding energy of 397.2 eV and associated
with preferential In–N bonds, which indicates that N has a
bonding configuration with In-rich nearest neighbours in our
InGaAsN samples. This is in agreement with the Raman
spectra that exhibit a LVM band around 447 cm−1 due to the
vibration of nitrogen in N-centred In3Ga1 clusters. The effect
of this micro-cluster local ordering is the increasing of the
band gap with respect to the random alloy case, as revealed by
the PL data.

The present results are in a good agreement with the
major conclusions of the theoretical analysis from [17] about
the existence of local atomic ordering in quaternary InGaAsN
alloys occurring at equilibrium conditions and its influence on
their optical properties. It contributes to a better interpretation
of the experimental results obtained in LPE grown dilute
nitrides and a better understanding of their properties.

Acknowledgements

This work was supported by the Cost Action MP1406
‘Multiscale in modelling and validation for solar photo-
voltaics (MultiscaleSolar)’ and the Bulgarian National
Science Fund (contract ДКОСТ 01/16). The authors
acknowledge A Tsonev and K Genkov (Sofia University)
for the EDX and SEM measurements and J W Gerlach
(Leibniz Institute for Surface Modification) for the HRXRD
measurements. Thanks are due to N. Shtinkov for helpful
discussions.

ORCID

V Donchev https://orcid.org/0000-0003-3812-4474

References

[1] Kurtz S R, Allerman A A, Jones E D, Gee J M, Banas J J and
Hammons B E 1999 InGaAsN solar cells with 1.0 eV band
gap, lattice matched to GaAs Appl. Phys. Lett. 74 729–31

[2] Aho A, Polojärvi V, Korpijärvi V-M, Salmi J, Tukiainen A,
Laukkanen P and Guina M 2014 Composition dependent
growth dynamics in molecular beam epitaxy of GaInNAs
solar cells Sol. Energy Mater. Sol. Cells 124 150–8

[3] Asbeck P M, Welty R J, Tu C W, Xin H P and Welser R E
2002 Heterojunction bipolar transistors implemented with
GaInNAs materials Semicond. Sci. Technol. 17 898–906

[4] Chen W C, Su Y K, Chuang R W, Yu H C, Chen B Y and
Hsu S H 2008 Investigation of InGaAsN MSM
photodetectors with transparent ITO Schottky contacts
Semicond. Sci. Technol. 23 35027

[5] Zhang S B and Wei S-H 2004 Theory of defects in dilute
nitrides Physics and Applications of Dilute Nitrides ed
Irina A Buyanova and Weimin M Chen (New York: Taylor
& Francis) pp 239–70

[6] Krispin P, Gambin V, Harris J S and Ploog K H 2003
Nitrogen-related electron traps in Ga(As,N) layers (�3% N)
J. Appl. Phys. 93 6095–9

[7] Kwon D, Kaplar R J, Ringel S A, Allerman A A,
Kurtz S R and Jones E D 1999 Deep levels in p-type
InGaAsN lattice matched to GaAs Appl. Phys. Lett. 74
2830–2

[8] Chen W M, Buyanova I A, Tu C W and Yonezu H 2006 Point
defects in dilute nitride III-N-As and III-N-P Physica B
Condens. Matter 376–377 545–51

[9] Thinh N Q, Buyanova I A, Chen W M, Xin H P and Tu C W
2001 Formation of nonradiative defects in molecular beam
epitaxial GaNxAs1−x studied by optically detected magnetic
resonance Appl. Phys. Lett. 79 3089–91

[10] Xie S Y, Yoon S F and Wang S Z 2005 Photoluminescence
properties of p-type InGaAsN grown by RF plasma-assisted
molecular beam epitaxy Appl. Phys. A 81 987–90

[11] Tan S L et al 2012 Improved optoelectronic properties of rapid
thermally annealed dilute nitride GaInNAs photodetectors
J. Electron. Mater. 41 3393–401

[12] Li W, Pessa M, Ahlgren T and Decker J 2001 Origin of
improved luminescence efficiency after annealing of Ga(In)
NAs materials grown by molecular-beam epitaxy Appl.
Phys. Lett. 79 1094–6

[13] Biswas M, Shinde N, Makkar R L, Bhatnagar A and
Chakrabarti S 2017 Varying nitrogen background pressure;
an efficient approach to improve electrical properties of
MBE-grown GaAs1−xNx thin films with less atomic disorder
J. Alloys Compd. 695 3163–9

[14] Shan W, Walukiewicz W, Ager J W, Haller E E, Geisz J F,
Friedman D J, Olson J M and Kurtz S R 1999 Band
anticrossing in GaInNAs alloys Phys. Rev. Lett. 82 1221–4

[15] Kent P R C, Bellaiche L and Zunger A 2002 Pseudopotential
theory of dilute III–V nitrides Semicond. Sci. Technol. 17
851–9

[16] Shtinkov N, Desjardins P and Masut R 2003 Empirical tight-
binding model for the electronic structure of dilute GaNAs
alloys Phys. Rev. B 67 81202

[17] Kim K and Zunger A 2001 Spatial correlations in GaInAsN
alloys and their effects on band-gap enhancement and
electron localization Phys. Rev. Lett. 86 2609–12

5

Semicond. Sci. Technol. 32 (2017) 085005 M Milanova et al

https://orcid.org/0000-0003-3812-4474
https://orcid.org/0000-0003-3812-4474
https://orcid.org/0000-0003-3812-4474
https://orcid.org/0000-0003-3812-4474
https://doi.org/10.1063/1.123105
https://doi.org/10.1063/1.123105
https://doi.org/10.1063/1.123105
https://doi.org/10.1016/j.solmat.2014.01.044
https://doi.org/10.1016/j.solmat.2014.01.044
https://doi.org/10.1016/j.solmat.2014.01.044
https://doi.org/10.1088/0268-1242/17/8/319
https://doi.org/10.1088/0268-1242/17/8/319
https://doi.org/10.1088/0268-1242/17/8/319
https://doi.org/10.1088/0268-1242/23/3/035027
https://doi.org/10.1063/1.1568523
https://doi.org/10.1063/1.1568523
https://doi.org/10.1063/1.1568523
https://doi.org/10.1063/1.124028
https://doi.org/10.1063/1.124028
https://doi.org/10.1063/1.124028
https://doi.org/10.1063/1.124028
https://doi.org/10.1016/j.physb.2005.12.138
https://doi.org/10.1016/j.physb.2005.12.138
https://doi.org/10.1016/j.physb.2005.12.138
https://doi.org/10.1016/j.physb.2005.12.138
https://doi.org/10.1016/j.physb.2005.12.138
https://doi.org/10.1063/1.1416155
https://doi.org/10.1063/1.1416155
https://doi.org/10.1063/1.1416155
https://doi.org/10.1007/s00339-004-3074-3
https://doi.org/10.1007/s00339-004-3074-3
https://doi.org/10.1007/s00339-004-3074-3
https://doi.org/10.1007/s11664-012-2245-9
https://doi.org/10.1007/s11664-012-2245-9
https://doi.org/10.1007/s11664-012-2245-9
https://doi.org/10.1063/1.1396316
https://doi.org/10.1063/1.1396316
https://doi.org/10.1063/1.1396316
https://doi.org/10.1016/j.jallcom.2016.11.328
https://doi.org/10.1016/j.jallcom.2016.11.328
https://doi.org/10.1016/j.jallcom.2016.11.328
https://doi.org/10.1103/PhysRevLett.82.1221
https://doi.org/10.1103/PhysRevLett.82.1221
https://doi.org/10.1103/PhysRevLett.82.1221
https://doi.org/10.1088/0268-1242/17/8/314
https://doi.org/10.1088/0268-1242/17/8/314
https://doi.org/10.1088/0268-1242/17/8/314
https://doi.org/10.1088/0268-1242/17/8/314
https://doi.org/10.1103/PhysRevB.67.081202
https://doi.org/10.1103/PhysRevLett.86.2609
https://doi.org/10.1103/PhysRevLett.86.2609
https://doi.org/10.1103/PhysRevLett.86.2609


[18] Kuo Y K, Liou B T, Yen S H and Chu H Y 2004 Vegard’s law
deviation in lattice constant and band gap bowing parameter
of zincblende InxGa1−xN Opt. Commun. 237 363–9

[19] Shtinkov N, Desjardins P, Masut R and Côté M 2006 Nitrogen
incorporation and lattice constant of strained dilute GaAs1−xNx

layers on GaAs (001): an ab initio study Phys. Rev. B 74 1–8
[20] Misiewicz J, Kudrawiec R, Gladysiewicz M and Harris J S 2008

Electromodulation spectroscopy of GaInNAsSb/GaAs
quantum wells: the conduction band offset and the electron
effective mass issues Dilute III-V Nitride Semiconductors and
Material Systems ed A Erol (Berlin Heidelberg: Springer)
pp 163–80

[21] Vurgaftman I, Meyer J R and Ram-Mohan L R 2001 Band
parameters for III–V compound semiconductors and their
alloys J. Appl. Phys. 89 5815

[22] Antonides E, Janse E C and Sawatzky G A 1977 LMM Auger
spectra of Cu, Zn, Ga, and Ge: I. Transition probabilities,
term splittings, and effective Coulomb interaction Phys. Rev.
B 15 1669–79

[23] Lay T S, Kuo W T, Chen L P, Lai Y H, Hung W H, Wang J S,
Chi J Y, Shih D K and Lin H H 2004 Probing the electronic
structures of III–V-nitride semiconductors by x-ray
photoelectron spectroscopy J. Vac. Sci. Technol. B
Microelectron. Nanom. Struct. 22 1491

[24] Veal T D, Mahboob I, Piper L F J, McConville C F and
Hopkinson M 2004 Core-level photoemission spectroscopy
of nitrogen bonding in GaNxAs1−x alloys Appl. Phys. Lett.
85 1550–2

[25] Tanioka K, Endo Y, Hijikata Y, Yaguchi H, Yoshida S,
Yoshita M, Akiyama H and Onabe K 2007 Micro-Raman
study on the improvement of luminescence efficiency of
GaAsN alloys J. Cryst. Growth 298 131–4

[26] Klar P J et al 2003 Unusual properties of metastable (Ga,ln)(N,
As) containing semiconductor structures IEE Proc.
Optoelectron. 150 28–35

[27] Alt H C and Gomeniuk Y V 2004 Local mode frequencies of
the NAs-InGa nearest-neighbor pair in (Ga,In)(As,N) alloys
[19] Phys. Rev. B 70 161314

[28] Talwar D N 2008 Assessing the preferential chemical bonding
of nitrogen in novel dilute III–As–N alloys Dilute III-V
Nitride Semiconductors and Material Systems ed A Erol
(Berlin Heidelberg: Springer-Verlag) pp 223–53

[29] Wagner J, Köhler K, Ganser P and Maier M 2005 Bonding of
nitrogen in dilute InAsN and high In-content GaInAsN Appl.
Phys. Lett. 87 51913

[30] Mintairov A M, Blagnov P A, Merz J L, Ustinov V M and
Vlasov A S 2001 Vibrational study of nitrogen incorporation
in InGaAsN alloys Proc. 9th Int. Symp. Nanostructures:
Physics and Technology (St Petersburg, Russia) pp 238–41

[31] Hashimoto A, Kitano T, Nguyen A K, Masuda A,
Yamamoto A, Tanaka S, Takahashi M, Moto A,
Tanabe T and Takagishi S 2003 Raman characterization of
lattice-matched GaInAsN layers grown on GaAs (001)
substrates Sol. Energy Mater. Sol. Cells 75 313–7

[32] Kurtz S, Webb J, Gedvilas L, Friedman D, Geisz J, Olson J,
King R, Joslin D and Karam N 2001 Structural changes
during annealing of GaInAsN Appl. Phys. Lett. 78
748–50

[33] Pavelescu E-M, Wagner J, Komsa H-P, Rantala T T,
Dumitrescu M and Pessa M 2005 Nitrogen incorporation
into GaInNAs lattice-matched to GaAs: The effects of
growth temperature and thermal annealing J. Appl. Phys. 98
83524

[34] Bhuyan S, Das S K, Dhar S, Pal B and Bansal B 2014 Optical
density of states in ultradilute GaAsN alloy: coexistence of
free excitons and impurity band of localized and delocalized
states J. Appl. Phys. 116 23103

[35] Kudrawiec R, Sk G, Misiewicz J, Ishikawa F, Trampert A and
Ploog K H 2009 Localized and delocalized states in GaNAs
studied by microphotoluminescence and photoreflectance
Appl. Phys. Lett. 94 11907

[36] Donchev V, Asenova I, Milanova M, Alvarez D A, Kirilov K,
Shtinkov N, Ivanov I G, Georgiev S, Valcheva E and
Ekins-Daukes N 2017 Optical properties of thick GaInAs
(Sb) N layers grown by liquid-phase epitaxy J. Phys.: Conf.
Ser. 794 12013

6

Semicond. Sci. Technol. 32 (2017) 085005 M Milanova et al

View publication statsView publication stats

https://doi.org/10.1016/j.optcom.2004.04.012
https://doi.org/10.1016/j.optcom.2004.04.012
https://doi.org/10.1016/j.optcom.2004.04.012
https://doi.org/10.1103/PhysRevB.74.035211
https://doi.org/10.1103/PhysRevB.74.035211
https://doi.org/10.1103/PhysRevB.74.035211
https://doi.org/10.1063/1.1368156
https://doi.org/10.1103/PhysRevB.15.1669
https://doi.org/10.1103/PhysRevB.15.1669
https://doi.org/10.1103/PhysRevB.15.1669
https://doi.org/10.1116/1.1735802
https://doi.org/10.1063/1.1784886
https://doi.org/10.1063/1.1784886
https://doi.org/10.1063/1.1784886
https://doi.org/10.1016/j.jcrysgro.2006.10.006
https://doi.org/10.1016/j.jcrysgro.2006.10.006
https://doi.org/10.1016/j.jcrysgro.2006.10.006
https://doi.org/10.1049/ip-opt:20030032
https://doi.org/10.1049/ip-opt:20030032
https://doi.org/10.1049/ip-opt:20030032
https://doi.org/10.1103/PhysRevB.70.161314
https://doi.org/10.1063/1.2005389
https://doi.org/10.1016/S0927-0248(02)00174-5
https://doi.org/10.1016/S0927-0248(02)00174-5
https://doi.org/10.1016/S0927-0248(02)00174-5
https://doi.org/10.1063/1.1345819
https://doi.org/10.1063/1.1345819
https://doi.org/10.1063/1.1345819
https://doi.org/10.1063/1.1345819
https://doi.org/10.1063/1.2112173
https://doi.org/10.1063/1.2112173
https://doi.org/10.1063/1.4886178
https://doi.org/10.1063/1.3055605
https://doi.org/10.1088/1742-6596/794/1/012013
https://www.researchgate.net/publication/317012263

	1. Introduction
	2. Experimental details
	3. Results and discussion
	3.1. XRD
	3.2. XPS
	3.3. Raman spectroscopy
	3.4. Photoluminescence spectroscopy

	4. Conclusion
	Acknowledgements
	References



