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Abstract. A combined analysis of EXAFS and Raman spectra is applied for the study of
In,Ga, N alloys with 0.3<x<0.5. Alloying causes relaxation of the selection rules resulting in
Raman spectra that resemble the vibrational density of states. On the other hand, theoretical
simulation of the Raman spectra using the Equation of Motion routine of FEFF8 provides the
vibrational component of the Debye-Waller factor (DWF). The static disorder component of
the DWFs was obtained by fitting the Ga and In K-edge EXAFS spectra. The analysis revealed
that the nearest neighbor distances of the 1* and 2™ shell deviate from the values predicted by
the law of Vegard and the virtual crystal approximation. The static disorder in the first nearest
neighboring shell (In-N and Ga-N) is null whereas in the cation-cation neighboring shells the
static component is generally smaller than the vibrational.

1. Introduction

The tunability of the direct band gap of In,Ga; (N alloys from near-IR to UV, by varying x, renders
them important materials for photonic and optoelectronic applications as well as for efficient solar
energy conversion devices [1,2]. InN, GaN and their alloys crystallize in the wurtzite structure where a
cation (Ga, In) and a N hcp sublattice interpenetrate so as both the N and the cations are tetrahedrally
coordinated. Although the lattice constants determined by X-ray diffraction (XRD) obey the law of
Vegard, it has been theoretically predicted [3,4] and experimentally verified [5-8] that the In-N and
Ga-N bonds retain their length close to the corresponding values in the binary compounds. As a result,
the virtual crystal approximation (VCA), which assumes that all atoms occupy the average lattice
positions defined by the lattice constants as determined by XRD [9], breaks down since the In and Ga
atoms are displaced from their ideal positions and three different second nearest neighbor (nn)
distances are detected in the cation sublattice (i.e. In-In, Ga-Ga, In-Ga) [10]. These local distortions
affect the periodic lattice potential and consequently the carrier mobility [11]. Local fluctuations in the
periodic potential reduce strongly the mean phonon free path, causing relaxation of the selection rules
in the Raman spectra which become proportional to the vibrational density of states (VDOS) [12,13].
Extended X-ray absorption fine structure (EXAFS) spectroscopy is well suited for the study of local
variations in the bonding geometry of the absorbing atom (for example In and Ga). The ratio of In/Ga
atoms that populate the second nn shell is also obtained along with information on the static and
thermal disorder described by the Debye-Waller factor (DWF). Assuming harmonic thermal vibrations
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and symmetric atom pair distribution functions [14], the latter can be written as a sum of a vibrational
and a static component i.e. 6°= 6%+ 0% In this work, we benefit from the equation of motion
routine [15,16] of the FEFF8 program [17] in order to simulate the Raman spectra of In,Ga; N alloys
with 0.3<x<0.5 and to obtain the szny The sttat component is determined from the analysis of the Ga
and In K-edge EXAFS spectra of the same samples.

2. Growth conditions and experimental details

The In,Ga; 4N layers with x values 0.32, 0.37, 0.42 and 0.48 were grown by plasma-assisted molecular
beam epitaxy on Al,O; (0001) substrates using AIN buffer layers. The In/Ga flux ratio was kept the
same for all the samples whereas the growth temperature was varied, from 520 to 400 °C, in order to
control the In content [18]. The a and c¢ lattice constants were determined from XRD measurements.
The Ga and In K-edge EXAFS spectra were recorded in the fluorescence yield mode, at room
temperature at the KMC-II and BAM!line beamlines, respectively, of the BESSY II storage ring at the
Helmbholtz Zentrum, Berlin. The Raman spectra were recorded in the backscattering geometry using a
micro-Raman system and the 457.9 nm line of an Ar+ laser for the excitation.

3. Results and discussion

A representative Raman spectrum of the sample Ing4sGags,N is shown in figure 1. Strong
enhancement in the intensity around the longitudinal optical (LO) modes is observed due to resonance
effects as the energy gap of the studied samples approaches the energy of the laser line. The lattice
constants were used for the construction of a cluster of approximately 200 atoms taking into account
the In/Ga ratio. The force constants, k, listed in table 1 for the cation-cation, cation-N and N-N atom
pairs were used for the simulation of the Raman spectra as shown in figure 1. The contribution in the
VDOS of various scattering paths is also shown in figure 1. As expected, cation-N and cation-cation
shells contribute in the high- and low-frequency part of the spectrum, due to the small and large
reduced mass of the atom pair, respectively. The o7, values listed in table 1 were determined after
fitting the projected VDOS for each path [15,16].
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Figure 1. Top: Raman spectrum of the
Ing 4sGas,N sample; Middle: Calculated VDOS,
using the equation of motion routine, projected
in the first (In-N), second (In-In and In-Ga) and
third (In-N") nn shells of In; Bottom: Calculated
VDOS projected in the first (Ga-N), second (Ga-
Ga and Ga-In) and third (Ga-N") nn shells of
Ga; Vertical lines denote the Raman frequencies
of the vibrational transverse optical (TO),
\ longitudinal optical (LO) and E;, E, and B,

0.0 ] T modes of IngsGagsN.
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Table 1. Atom-pair force constants, k, used for the calculation of the projected VDOS and b,
obtained using the equation of motion method for the paths G1-G6 (Ga-N, Ga-Ga, Ga-In, Ga-N’,
Ga-Ga-N and Ga-In-N, respectively) and I1-16 (In-N, In-In, In-Ga, In-N", In-In-N and In-Ga-N,
respectively). x=1 and 0 correspond to InN and GaN binary compounds.

k (N/m) o%in x107 (A2
X Ga-N In-N Ga-Ga In-In Ga-In N-N G1 G2 G3 G4 G5G6 11 12 I3 14 I5 I6
1 - 100 - 27 - 20 - - -3954 - 8340 -
0.48 135 112 23 8 12 32 355364813942356969834549
0.42 130 118 25 15 18 35 32517.1753.65032525069 3.8 39
0.37 132 120 28 20 17 35 324749 7.14.03932525.16.8 39 3.8
0.32 135 125 30 20 25 35 364549 6.73635345.0476.9 3536
0 135 - 40 - - 30 3041 - 6030 - - - - - - -

The EXAFS spectra recorded at the Ga and In K-edges were fitted using scattering paths that were
constructed using the experimentally determined lattice constants. The o7, component of the DWF
was set equal to the values listed in table 1. The fitting was performed for the 1* (4 N atoms), 2" [12:x
In and 12-(1-x) Ga atoms] and 31 (9 N atoms) nn shells. The triangular scattering cation-cation-N
paths were also considered with their path-length fixed according to the nn distances of the 1* and 2™
shell. The 6%, component of the DWF was set equal to the value of the corresponding cation-cation
path since the cation-N path is characterized by null %y, Fitting of the Ga and In K-edge spectra in
the k- and R-space is shown in figure 2 and the fitting parameters are listed in table 2.
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Figure 2. Fourier transform amplitude of the k>-weighted (k) EXAFS spectra recorded at the (a) Ga
and (b) In K-edge. The k*-weighted y(k) spectra are shown in the inset. The experimental and fitting
curves are shown in thin and thick solid lines, respectively.

The results verify safely the violation of the VCA, as it is deduced from different Ga-N and In-N
distances. Consequently, the local strain induced by alloying is mainly accommodated by cation—-N—
cation bond bending rather than cation—N bond stretching. Splitting is also observed in the 2™ nn shell.
Regarding the DWF, the 67 contribution is null for the 1% nn shell. In the 2™ nn shell the values of
cszmt are generally smaller compared to the szib,
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Table 2. Fitting results of the In and Ga K-edge EXAFS spectra of the In,Ga,.,N samples for the 1%
(cation-N) and o (cation-cation) nn shells. xxrp and Xgxars 1S the In molar fraction determined by
XRD and EXAFS, respectively, R (A) is the nn distance and 6%, x107 (Az) is the static component
of the DWF.

XEXAFS In-N Ga-N In-In Ga-Ga In-Ga
XxrD £15% R+ 0.01 0% R 0.01 0% Rx 0.02 6%t 30% R+ 0.02 0%gat 30% R+ 0.02 0 yaz 30%
048 049 213 00 197 00 339 1.6 3.28 0.9 3.33 3.3
042 040 212 00 196 0.1 338 3.7 3.27 2.6 3.33 2.8
037 036 213 00 195 00 336 52 3.24 2.8 3.30 55
032 033 212 02 196 00 336 2.9 3.4 1.9 3.29 5.2

4. Conclusions

The vibrational and static disorder component of the DWF of the Ga and In K-edge EXAFS spectra of
In,Ga,; \N were determined utilizing the equation of motion routine of the FEFF8 software and the
VDOS obtained by means of Raman spectroscopy. The static disorder component is found null for the
cation-N pairs whereas in the 2™ nn cation-cation shells the static disorder component was found
generally smaller compared to the thermal component. Finally, splitting in the distances in the 1* and
2" nn shell imposes that local distortions caused by alloying are accommodated mainly by bond
bending
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