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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 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 the band gap formation. 

Despite the low In concentration (~3%) the XPS data show a strong preference of 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 theoretically 

predictions for random alloy and localized tail states near to the conduction band minimum. 
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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 additional flexibility 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 poor luminescence efficiency of as-grown InGaAsN. Even at very small 

concentration the incorporation of nitrogen into crystal lattice  deteriorates the crystalline 

quality of GaAs and dramatically 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 

responsible for many of the anomalous optical and transport  properties of dilute nitride alloys 

[7–10]. In order to reduce defect densities and obtain more ordered alloy, additional annealing 

is performed [11–13]. 

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 delocalized 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, few efforts have been performed 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] have pointed out 

that the number of atomic bonds of each type in InGaAsN is not only related to the compositions 

as in the case of ternary alloys but also depends on the possible short-range atomic ordering in 

the quaternary compound. By means of Monte-Carlo simulations, these authors have 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 liquid phase epitaxy (LPE) at near equilibrium conditions. For that purpose, 

we have investigated the structural and optical properties of as grown InGaAsN layers. 

 

Experimental details 

The InGaAsN samples under study were grown by low-temperature LPE on (100) n-type 

GaAs:Si (~1018cm–3) substrates. A series of samples was grown from mixed solution with 

composition of 90% In +10% Ga, both with 6N purity. Polycrystalline GaAs and GaN with 

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 initial epitaxy temperature in the range 590 - 

560 °C at a cooling rate of 1 °C/min for 2-3 minutes. The thickness of the layers measured on 

the cross-section by scanning electron microscopy (LYRA I XMU, Tescan) is in the range 2‒

2.5 μm. The In concentration measured by energy dispersive X-ray microanalyzer (Quantax, 

Bruker) is ~ 3 аt. %. High-resolution X-ray diffraction (XRD) method was used for 

determination of the lattice parameter, mismatch and crystalline quality of the layers. 



X-ray photoelectron spectroscopy (XPS) measurements were carried out on an AXIS 

Supra electron spectrometer (Kratos Analyical Ltd.) with 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 180o -hemispherical analyzer with a total instrumental resolution of 0.54 eV (as 

measured by the FWHM of Ag 3d5/2 line) at pass energy of 20 eV. Energy calibration was 

performed by normalizing the C 1s 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/cm2 power, a 0.5 m focal length spectrometer (Acton 2300i, 

Princeton Instruments) and a Si detector. PL at 2K and 109K 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/cm2) was enough to obtain a strong enough PL signal, 

which was detected by a CCD camera.   

Micro-Raman spectroscopy by means of a Jobin Yvone LabRAM HR800 spectrometer 

and laser excitation at 632 nm was applied in backscattering geometry to study the microscopic 

lattice structure related to the incorporation of N in InGaAsN alloys. 

 

Results and discussions 

X-ray Diffraction  

A typical XRD curve is plotted in figure 1. Two sharp peaks associated with the GaAs 

substrate and the InGaAsN layer are observed indicating high quality material. The lattice 

mismatch ∆a/ao determined from the XRD spectra is around 0.16%. From the above depicted 

value, the concentration of In and the Vegard’s rule the N- content was determined to be 0.3 

at.%. 



 

Figure 1. High-resolution X-ray diffraction (004) curve of an InGaAsN sample. 

 

X-ray photoelectron spectroscopy  

XPS is an efficient method to explore the nearest-neighbour bonding configuration for N 

in different compounds. However, 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 1keV Ar+ bombardment. The absence of atmospheric contaminations was 

established by monitoring the C 1s, O 1s, As 3d, As 2p, Ga 3d, and Ga 2p photoelectron peaks. 



 

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 N1s peak, revealing 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.  

 



In figure 2 the photoelectron spectra of InGaAsN and referent GaAs samples are 

compared in the binding-energy range from 386 to 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. [18]. Intense Ga LMM contributions centred at 389.7, 393.3 eV and at 398.4 eV are seen 

in the spectra. The comparison with the GaAs referent sample allows detecting the N1s core-

level peak at 397.2 eV in the spectrum of the InGaAsN sample. This peak is partially overlapped 

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 in 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) [19,20]. 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 

microscopic 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 minimizes the sum of strain plus “chemical” 

(bond) energies is (Ga-As) + (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 statistically 

enhanced concentration 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, having in mind the theoretical predictions from [17] we 

assume that the Ga-As configuration is preferred for better lattice matching of the alloy to the 

GaAs substrate and N-In 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 Raman and PL 

measurements.  

 

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 isolated nitrogen atom bonded to four Ga neighbours 

(NAsGa4). Instead, a LVM peak at 447 cm-1 originating from N-In bonds appears.  A similar  

LVM peak  has been reported to occur as a new additional feature for MBE grown InGaAsN 

after annealing at high temperatures [21]. 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 [22,23].  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 [24–27]. 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 near equilibrium condition tends to form an indium-rich 

environment for the nitrogen atom even for low In content compounds. 

 

 



 

 

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

 

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 2K 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 conduction 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 [28].  

 



 

Figure 4. Normalized PL spectra of an InGaAsN sample measured at 2 K, 109 K and 300 K. 

 

   At 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 its both sides. The thermal quenching of PL is attributed to the activation of non-

radiative channels associated with N-related defects [29]. In addition, the temperature facilitates 

the trapping in deeper recombination centres and this, (together with the bandgap decreasing), 

accounts for the red shift and broadening of the PL peak. 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 2K 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 bandgap 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 InGaAs ternary  [30]. 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 of 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 indium and gallium atoms. As stated above, LPE growth at nearly 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. 

 

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 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 bandgap with respect to the random alloy case, as revealed by 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 

better understanding of their properties. 
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