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Abstract 
InGaN thin films with near entire indium composition range have been successfully grown on 

GaN/sapphire (0001) by molecular beam epitaxy (MBE). X-ray absorption fine structure  have been used 
to study the local structure of some typical InxGa1-xN alloys with high indium (In) composition of x=0.78 and 
0.86. A detailed analysis of the extended x-ray absorption fine structure of In K-edge by using the IFEFFIT 
program, and the chemical bonds of In-N are obtained. The x-ray absorption near-edge structure of In K- 
and L-edge and N K-edge are investigated, and the electronic structure of InxGa1-xN are determined with 
these high In content InxGa1-xN ternary compounds. The calculated XANES spectra of N K-edge, based on 
first principle method, are consistent with the observed spectra. 
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1. Introduction 

InGaN semiconductor materials have been extensively investigated owing to their 
applications in light-emitting diodes, photo-detectors, laser diodes, and high-speed and high-
power electronic devices. In recent years, a great deal of developments and breakthroughs 
have been achieved in III-nitride based materials and devices, including light emitting diodes 
(LEDs), laser diodes (LDs) and other wide range of electronic, optoelectronic and photonic 
devices [1-3]. Among them, InGaN or InGaN/GaN quantum well (QW) are usually employed as 
the active layers. The ternary alloy InGaN possesses the tunable direct band gap varying from 
0.65 eV (InN) to 3.4 eV (GaN), i.e. covers a wide spectral range from infrared (IR) to visible and 
to ultraviolet (UV) [4-7]. For a long time, the energy gap of InN was considered to be about 1.95 
eV [1, 8]. Only since ten years ago, it is corrected as 0.6-0.7 eV [9-12], which greatly expands 
the spectral range of InGaN. This makes the InGaN can serve for whole spectrum solar cells 
[13-15]. Intensive research has been carrying on InGaN in past years [4-25]. However, this 
ternary InGaN alloy (and other III-nitride ternary and quaternary alloys) is predicted to be 
thermodynamically unstable [26]. There exists a large difference in interatomic spacing between 
InN and GaN of about 11%, due to very different tetrahedral radii of the atomic species 
occupying different sublattices [4, 23], which can give rise to a solid miscibility and high strains. 
The resulting strain could lead to deviations from homogeneity of the sublattice. Two types of 
compositional inhomogeneity could occur: phase separation and atomic ordering. Phase 
separation is driven by strains due to the mixing of two mismatched lattices, while atomic 
ordering is caused by surface reconstruction and induced subsurface stress. The inside stress 
could force the preferential occupation of lattice sites by atomic species with different radii [4, 
23]. 
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Above factors have leaded to the difficulties in growing high indium compositional InGaN 
epitaxial materials, which were limited to around or less than 35% of x(In) in InxGa1-xN for years 
[4, 8, 16, 19, 23]. Great efforts in the growth of InxGa1-xN with high x(In) or in full In-
compositional range have been made in recent years [5, 7, 18, 20, 21, 24]. But, some epitaxial 
InxGa1-xN materials with high x(In) are not so good, and it is still a big challenging for growing 
high quality of InxGa1-xN materials with high x(In) or in full compositional range. For the growth 
of InxGa1-xN with high x(In), metalorganic chemical vapor deposition (MOCVD) [5], molecular 
beam epitaxy (MBE) [18, 20] and some other technologies such as modified activated reactive 
evaporation (MARE) [7], metal-modulated epitaxy (MME) [21] and reactive radio-frequency 
magnetron sputtering [24], have been employed. Because of the low dissociation temperature 
of InGaN, the growth is favorable at low temperatures. For MOCVD, it uses ammonia or 
hydrazine as nitrogen source and it is necessary with high temperatures for the pyrolisis of NH3 
or N2H4 at the substrate surface [23]. While for MBE, the atomic nitrogen is provided from a 
plasma source, which can grow InGaN at a much lower temperature than MOCVD does. 
However, the quality of the surface morphology becomes poor with decreasing growth 
temperature due to the lower surface mobility of the adatoms [27]. 

The x-ray absorption spectroscopy (XAS) provides a powerful tool to investigate the 
structure of materials [28-31]. X-ray absorption fine structure (XAFS) encompasses both the x-
ray absorption near-edge structure (XANES) and extended (EXAFS). EXAFS can describe the 
species of neighboring atoms and the structural environment around a selected species atom; 
XANES can interpret the electronic structure of the selected atom with the neighboring atoms. In 
this work, two high indium InXGa1-XN films were investigated using synchrotron radiation 
experiments. 
 
 
2. Experiment 

Two high In InGaN samples presented here were grown by a plasma-assisted MBE 
system with conventional Knudsen cells for metal sources and a radio frequency plasma source 
for active nitrogen species. The InGaN allows were grown on the Ga-polar GaN/Sapphire 
templates grown by MOCVD. X-ray diffraction (XRD) reciprocal space mapping (RSM), surface 
morphology, hall effect and photoluminescence (PL) measurements of this two samples were 
detail presented in Ref. [32]. XAFS experiments were measured at National Synchrotron 
Radiation Research Center (NSRRC), Hsinchu, Taiwan, beamline 01C for the In K-edge, 
beamline 16A for the In L-edge and beamline 20A for N K-edge measurements, respectively, 
the X-ray direction is perpendicular to surface of samples. The IFEFFIT program [33] is used to 
fit the experimental EXAFS spectra in this paper. 
 
 
3. Results and Analysis 
3.1. In K-edge XAFS Spectra 

Two InGaN samples were grown with different composition of In, x=0.78 and 0.86. The 
XAFS absorption spectra were measured using fluorescence yield. The incident photon 
direction was perpendicular to surface of the samples. In K-edge XAFS of samples versus the 
photon energy of the x-ray are shown in Figure 1. It is found that the intensity of the Zn K-edge 
absorption coefficient increases with the In composition x increases. 

XANES refers to the region of the XAFS spectrum dominated by strong photoelectron 
scattering that extends about 40eV above an absorption edge. XANES probes the bonding 
state of molecules, the conduction band of crystalline materials, and the bond orientation. The 
XANES spectrum results from electron dipole transitions from initial atomic orbital states with l 
character (where l is the electric dipole momentum of the electron) to final states in the 
conduction band (or to states of antibonding molecular orbitals in the case of molecules) with l ± 
1 character. In the case of crystalline solids, the XANES spectrum depends on the material and 
the local symmetry around the central absorbing atom. In Figure 1, the features of In K-edge 
XANES spectra are attributed to electron excitations from In 1s to empty 5pπ (along c axis) and 

5pσ (along the bilayer) states. 
XANES refers to the region of the XAFS spectrum dominated by strong photoelectron 

scattering that extends about 40eV above an absorption edge. XANES probes the bonding 
state of molecules, the conduction band of crystalline materials, and the bond orientation. The 
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XANES spectrum results from electron dipole transitions from initial atomic orbital states with l 
character (where l is the electric dipole momentum of the electron) to final states in the 
conduction band (or to states of antibonding molecular orbitals in the case of molecules) with l ± 
1 character. In the case of crystalline solids, the XANES spectrum depends on the material and 
the local symmetry around the central absorbing atom. In Figure 1, the features of In K-edge 
XANES spectra are attributed to electron excitations from In 1s to empty 5pπ (along c axis) and 

5pσ (along the bilayer) states. 
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Figure 1. (Color Online) Zn K-edge Absorption Coefficient Plotted Versus the Photon Energy of 

the X-ray. 
 

 
Normalized and background subtracted In K-edge EXAFS spectra k2χ(k) for the two 

samples are shown in Figure 2 with color lines. Fitting results of the spectra k2χ(k) are not 
shown in Figure 2 by using the EXAFS fitting package IFEFFIT. 
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Figure 2. (Color online) k2-weighted In K-edge EXAFS Spectra Plotted for Variable X of InGaN. 
 
 

The magnitudes of Fourier transforms computed over the k range from ~3 to ~12 Å-1 of 
the spectra k2χ(k) are shown in Figure 3 and Figure 4 with black line. The effects of increasing 
In content are clearly seen. For all samples, there is little change in either the nearest neighbor 
In-N peak position or amplitude. To extract the bond length information, a structural model 
based on the InN wurtzite structure was building using the package IFEFFIT. Fitting results of 
the Fourier transforms are shown in Figure 3 with red line, and in good agreement with the 
measurement. The detail information of fitting results are shown in Table 1. RIn-N is denoted the 
distance of the In atom to the nearest neighboring N atom, i.e. bond length of In-N. The data of 
RIn-N demonstrate that the bond length of In-N decreases with composition x increase, this 
conclusion is reasonably. 
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Table 1. Detail Information of Fitting Results from Figure 3. 

Sample RIn-N [Å] 

In0.78Ga0.22N 2.141 
In0.86Ga0.14N  2.143 
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Figure 3. (Color Online) Magnitude of the Fourier Transforms of k2χ(k) EXAFS Spectra of 
In0.78Ga0.22N. 

 
 

The magnitudes of Fourier transforms computed over the k range from ~3 to ~12 Å-1 of 
the spectra k2χ(k) are shown in Figure 3 and Figure 4 with black line. The effects of increasing 
In content are clearly seen. For all samples, there is little change in either the nearest neighbor 
In-N peak position or amplitude. To extract the bond length information, a structural model 
based on the InN wurtzite structure was building using the package IFEFFIT. Fitting results of 
the Fourier Transforms are shown in Figure 3 with red line, and in good agreement with the 
measurement. The detail information of fitting results are shown in Table 1. RIn-N is denoted the 
distance of the In atom to the nearest neighboring N atom, i.e. bond length of In-N. The data of 
RIn-N demonstrate that the bond length of In-N decreases with composition x increase, this 
conclusion is reasonably.  
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Figure 4. (Color Online) Magnitude of the Fourier Transforms of k2χ(k) EXAFS Spectra of 

In0.86Ga0.14N. 
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3.2. L-edge XAFS Spectra 
 
 

3 6 0 0 3 8 0 0 4 0 0 0 4 2 0 0 4 4 0 0 4 6 0 0

L
3

L
2

L
1

I n  L - e d g e   I n
0 .8 6

G a
0 .1 4

N

  I n
0 .7 8

G a
0 .2 2

N

A
bs

or
pt

io
n 

In
te

ns
it

y 
(a

. u
.)

P h o t o n  e n e r g y  ( e V )  
 

Figure 5. (Color Online)In L1-, L2- and L3-edge of In0.78Ga0.22N and In0.86Ga0.14N at about 3720, 
3970 and 4320 eV. 
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Figure 6. (Color Online) N K-edge of In0.78Ga0.22N and In0.86Ga0.14N at about 397eV. 

 
 
The features of In L1-edge XANES spectra are attributed to electron excitations form In 

2s to 5p. The features of In L2- and L3-edge XANES spectra are associated with the transition of 
In 2p1/2 and 2p3/2 electrons to In 5s and 5d states. Since 5d orbitals are more localized than the 
5d orbital, the transition probability of In 2p → 5d can be larger than that of 2p → 5s. Figure 5 
shows the In L-edge XANES spectra which are dominated by In 2p → 5d. The shapes of the 
InGaN alloys’ In L-edge spectra were found to be nearly identical in In0.78Ga0.22N and 
In.086Ga0.14N. The In L-edge spectra, have been normalized by the incident intensity I0, show 
that the intensities of main peaks increase as the composition x increases. 

 
3.2. L-edge XAFS spectra 

Figure 6 shows the N K-edge XANES spectra (fluorescence mode) of the InGaN 
samples. According to the dipole-transition selection rule, the features of N K-edge XANES 
spectra are attributed to electron excitations from N 1s to empty 2pπ (along c axis) and 2pσ 

(along the bilayer) states. It is found that the sharps of N K-edge XANES spectra have little 
difference between In0.78Ga0.22N and In.086Ga0.14N. 

Figure 7 shows the calculation result of N K-edge XANES spectra of wurtzite InxGa1-xN 
at two composition, x=0.78 and x=0.86.  The valence force field (VFF) model and FEFF code 
(version 9) [34] on the basis of the self-consistent-field (SCF) real-space multiple-scattering 
(RSMS) theory are used to calculation. For N K-edge calculation, a N-centered cluster of 182 
atoms (radius 8.0Å) is used to calculate the SCF muffin-tin atomic potentials within the Hedin-
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Lundqvist exchange potential, and a 270-atom cluster (radius 9Å) is used for the full multiple 
scattering (FMS) calculation. The lattice a, c and internal parameter u were assumed to be 
changed linearly with In composition. The XANES calculation results for high In InxGa1-xN are in 
good agreement with the experimental spectra. Both the experimental curve peaks and shape 
positions are reasonably reproduced in the theoretical spectra. Based on the theoretically 
calculated and experimental results, it is clear that the XANES spectra can be used as the 
fingerpints of the composition and structure for high In InGaN 
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Figure 7. (Color Online) Calculation Results of N K-edge of In0.78Ga0.22N and In0.86Ga0.14N. 

 
 
4. Conclusion 

In conclusion, we have applied synchrotron radiation to study the high In InGaN alloy 
films. XAFS spectra of In K-, L1-, L2- and L3-edge and XANES spectra of N K-edge are obtained. 
In K-edge EXAFS data revealed the bond length of In-N and magnitudes of Fourier transforms 
increase with increasing of composition x. XANES of In K-, L1-, L2- and L3-edge and N K-edge 
were employed to investigate the electronic structure of In and N in high In InGaN. Additionally, 
self-consistent-field RSMS theory calculations of N K-edge were performed by using FEFF 9 
code. The calculation results revealed that the combination of the theoretical calculations and 
experiment XANES is a powerful tool for studying the electronic structure of high in InGaN 
alloys. 
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