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N K-edge x-ray-absorption study of heteroepitaxial GaN films
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The microstructure of GaN films grown by electron cyclotron resonance~ECR! molecular-beam epitaxy
~MBE! and hydride vapor-phase epitaxy~HVPE! is studied using x-ray-absorption measurements at the NK
edge. The local microstructure around the N atom is found to be distorted. The nearest neighbors of the N atom
are four Ga atoms,N1 of which are located at a distanceR151.95 Å, which is expected, andN2 at a distance
R25R110.25 Å. This distortion is more pronounced in the cubic ECR-MBE and the HVPE hexagonal
samples where the ratioN2 /N1 is equal to 1. In the rest of the samples the distortion is smaller and the ratio
N2 /N1 takes the value 0.33. Nitrogen deficiency is not detected in the second nearest-neighbor shell and the N
atoms are found at the expected distance of 3.11 Å.@S0163-1829~97!04144-1#
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I. INTRODUCTION

Gallium nitride ~GaN! is a wide-band-gap semiconduct
that finds applications in uv and visible light emitters a
detectors as well as in optical data storage devices.1,2 In ad-
dition to its wide-band gap, GaN has other attractive prop
ties such as good thermal and chemical stability and phys
hardness,3 which render it suitable for a wide range of m
croelectronics applications. Recently, the alloys of GaN w
other III-V nitrides~AlN and InN! have attracted a great de
of interest because they permit band-gap engineering.

GaN exists in two polytypes: the hexagonal~wurtzite
structure,a-GaN! and the thermodynamically metastable c
bic ~zinc-blende structure,b-GaN!. The hexagonal and th
cubic structures of the GaN polytypes are nearly ident
when viewed along the~0001! and the~111! directions, re-
spectively. Since the formation of stacking faults is energ
cally favorable, phase stabilization of the cubic polytype
difficult and growth of mixed-phase crystals is ofte
observed.3 The structure and the quality of heteroepitaxia
grown GaN crystals depend on the growth conditions,
substrate, and its preparation, and the use of a buffer la
However, despite the progress in GaN growth, a variety
extended or point defects are incorporated in the GaN fi
due to the large lattice mismatch of GaN with the availa
substrates, the small reactivity of N with Ga, and the la
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differences in the thermal expansion coefficients of the s
strate and the epitaxial film.4,5 According to recent theoreti
cal studies of native defects in GaN,6–8 the formation energy
of nitrogen vacanciesVN is very low and thereforeVN are
present in all the GaN films. Other native defects with re
tively low formation energies that can exist in GaN are
antisites, Ga vacancies, and the interstitial N defect. T
presence of native defects such as antisites or Ga interst
induces strain that cannot be easily and totally relieved
distortion of the microstructure around the defect. The ori
of this strain is the large difference between the coval
radii of Ga and N~1.26 and 0.75 Å, respectively!. Another
characteristic of GaN is the strong ionic character of
N-Ga bond.9

The lattice parameters of epitaxially grown GaN films c
be affected by a number of factors such as thermal str
free-electron concentration, and extended or point defe
e.g., N vacancies (VN) and Ga antisite defects (GaN). It was
shown that the volume of the unit cell decreases~a and c
decrease! if the concentration ofVN in the films is high.10

According to Lagerstedt and Monemar,11 the decrease of the
lattice parameters of GaN due to the presence ofVN could be
approximated byDa/a;Dc/c;2VN /NGaN. In addition to
that, the lattice constants depend on the presence of dop
and on the growth rate and can be deformed by ther
strain. GaN films grown on Si or Al2O3 are subjected to
13 380 © 1997 The American Physical Society
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TABLE I. Growth conditions and information about the GaN samples under study.

Sample
name

Growth
technique

Tgrowth

~°C! Substrate Symmetry
Thickness

~mm!

GaN57 ECR MBE 600 p-Si~001! cubic 1.60
GaN67 ECR MBE 600 n-Si~111! mixed 0.80
GaN179 ECR MBE 600 Al2O3~0001! hexagonal 1.67
GaNA4 HVPE 1030 Al2O3~0001! hexagonal 10.0
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tensile or compressive stress upon cooling from the gro
temperature. Biaxial stress causes a volume-conserving
tortion of the unit cell and can be relaxed via formation
microcracks.12

Extended x-ray-absorption fine-structure~EXAFS! spec-
troscopy is a nondestructive characterization techni
that probes the local microstructure around a central abs
ing atom. An EXAFS spectrum, which extends from
up to 1000 eV above the absorption edge, shows the de
dence of the absorption coefficient~x-ray-absorption cross
section! on the incident x-ray beam energy above the abso
tion edge. From an EXAFS spectrum the type of t
neighbors, the coordination number, the distance between
central and the neighboring atoms, and the Debye-Wa
factors can be found.13 In addition to that, the bond angle
can be determined from angular-dependent measureme14

In the solid state the absorption coefficient shows an osc
tory behavior above the absorption edge because the ou
ing photoelectron wave interferes with the backscatte
wave from the neighboring atoms. These EXAFS osci
tions can be clearly seen after the subtraction of the ato
absorption, i.e., the absorption of the central atom in
absence of neighboring atoms. The oscillatory partx(k) of
the EXAFS spectrum after background subtraction and n
malization with the structureless background is given by
equation

x~k!5(
j

Aj~k!sin@2kr j1u i j ~k!#, ~1a!

where

Aj~k!5NjSj~k!F j~k!exp~22s j
2k2!expS 22r j

l j~k! D 1

kr j
2 ,

~1b!

w i j (k) is the total phase shift, which contains contributio
from both the absorber and the backscatterer and affects
origin of the sine wave and its frequency;Nj is the number
of atoms in the nearest-neighbor~NN! shell;Si(k) is an am-
plitude reduction factor due to shake-up–shake-off proce
originating from multiple excitations of the passive electro
in the excited/absorbing atom;F j (k) is the backscattering
amplitude of the atoms in the NN shell; ands j (k) is the
Debye-Waller factor~relative displacement of the neighbo
ing atom along the bond direction!, which accounts for static
and thermal disorder. The factore22r i /l j (k) describes the in-
elastic losses @l j (k) is the mean free path of th
photoelectron#.17 EXAFS can be applied in both crystallin
and amorphous materials and it can be also applied to de
local lattice distortions.15,16 The common detection scheme
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in the soft x-ray range are the total electron yield~TEY! and
fluorescence yield~FLY! modes. The TEY mode is surfac
sensitive and meticulous surface preparation and cleaning
required in order to avoid contributions from surface co
taminants. The FLY mode is bulk sensitive and is thus be
suited when the bulk material properties are sought. T
fluorescence yield spectra can suffer from self-absorption
fects that affect mostly the amplitude of the EXAFS spe
trum and thus the calculated coordination numbers and
Debye-Waller factors. The distortion of the spectra due
self-absorption depends on the geometry of the experim
i.e., the angle of incidence, and are strong in thick or c
centrated samples.17

Perlin et al.18 have previously reported on EXAFS me
surements at the GaK edge of GaN. Their EXAFS measure
ments were conducted under high-pressure conditions~up to
48 GPa! for the identification of the high-pressure pha
transition. The spectra were recorded over an energy ra
of 400 eV and the authors reported on the pressure-indu
changes in the second NN shell~Ga-Ga distances!. Some of
us have previously reported on the NK-edge near-edge
x-ray-absorption fine-structure~NEXAFS! measurements o
GaN.19 We have demonstrated that NEXAFS is an identi
ing characteristic of the cubic and hexagonal symmetries
can be used for the determination of the fractions of
cubic and hexagonal polytypes in mixed-phase samples.

Here we present EXAFS characterization results on G
at the NK edge. The films were grown heteroepitaxially a
our results demonstrate that the microstructure around th
atom is distorted.

II. EXPERIMENTAL DETAILS

The samples used for the present study are labe
GaN57, GaN67, GaN179, and GaNA4. The samples GaN57
GaN67, and GaN179 were grown with electron cyclotr
resonance~ECR! molecular-beam epitaxy~MBE! using
ammonia as the nitrogen source. The sample GaNA4 was
grown with hydride vapor-phase epitaxy~HVPE! using a
Ga solid source, HCl, and ammonia (NH3). The growth con-
ditions and selected film properties are listed in Table
while details on growth and their properties have been
ported previously.12,20–23 Angular-dependent NK-edge
NEXAFS measurements reported recently20 revealed that
GaN57 and GaN179 are pure cubic and hexagonal sam
respectively. GaN67 is a mixed-phase sample with 25%
the material in the cubic and 75% in the hexagonal pha
respectively.20 The sample GaNA4 is also in the hexagon
phase.24

The EXAFS and NEXAFS measurements were conduc
using the monochromator SX-700-I at the electron stor
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13 382 56M. KATSIKINI et al.
ring BESSY in Berlin. This monochromator has high reso
tion and flux in the soft-x-ray region~200–2000 eV! and is
thus ideally suited for measurements at the NK edge.25

The spectra were recorded with a step of 2 eV in the ene
range 370–1100 eV and the data acquisition time was 1 s per
point. The ECR-MBE samples were measured at the NK
edge at room temperature~300 K!. The spectra of the HVPE
sample were recorded at 300 and 160 K. The angle of i
dence was 55° and the detection angle was 35°~measured
relative to the sample surface!. The spectra were recorded
the fluorescence yield mode using a high-purity Ge dete
positioned along the electric field vector~the resolution of
the detector at the NK edge was about 100 eV!. Due to the
high-absorption cross section of air in the soft-x-ray regi
the experiment was performed in an ultrahigh vacu
~UHV! chamber with a base pressure<7310210 mbar. In
order to improve the signal-to-noise ratio more than 20 sp
tra were collected and averaged for each sample at each
perimental condition. The EXAFS spectra were normaliz
to the primary photon flux by division with the total electro
yield spectra from a clean~non-absorbing! Si wafer, which
yields a good measure of the monochromator transmis
function over the range of interest~370–1100 eV!. The clean
Si surface was prepared by etching in buffered HF and
nealing under UHV conditions at 850°–900 °C for a fe
minutes.

III. RESULTS AND DISCUSSION

The as-recorded TEY and FLY spectra from the hexa
nal samples GaNA4 and GaN179, normalized with the clea
Si spectrum, are shown in Figs. 1~a! and 1~b!, respectively.
The signal due to surface and bulk oxygen is detec
at about 540 eV and is strong enough to interfere w
the signal from the NK edge. Among the examined sampl
GaNA4 contains the highest concentration of bulk oxyge
The oxygen concentration in GaNA4 is about 6 at. %,
as estimated from the edge jump heights of the two ed
and the fluorescence yields of O and N. Due to the prese
of the bulk oxygen, the TEY spectra cannot be analyz
In addition to the presence of oxygen, the TEY spectra
distorted due to charging effects that are energy
time dependent and are clearly seen in the TEY spect
from the film GaNA4 @Fig. 1~a!#. Given that, in the
FLY detection mode the electronic separation of the oxyg
signal is possible26 and since we are interested in th
bulk film properties, the results presented here are ba
on the FLY spectra. In the case of the ECR-MBE samp
which did not contain significant oxygen contaminatio
only one window for the N signal was used and the sig
due to oxygen was easily eliminated by adjustment
the width of the detection window. The FLY spectra aft
the electronic elimination of the oxygen signal a
normalization with the clean Si spectrum are shown
Fig. 1~c!.

A. Fitting procedure

Equation ~1!, which describes the EXAFS oscillation
can be used as cited in the case of amorphous and c
samples. In the case of crystalline solids with lower th
cubic symmetry or adsorbed molecules on surfaces, pola
-
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tion effects should be taken into account. For linearly pol
ized light ~synchrotron radiation light is linearly polarize
parallel to the ring plane! the amplitudeAj of the wave scat-
tered from thei th NN shell depends on the angle between
electric-field vector of the incident beam and the vector
tween the central atom and thej th atom of thei th NN shell.
In the case of higher than twofold symmetry around the s
face normal there is a value for the angle of incidence~rela-
tive to the sample surface! called the ‘‘magic angle,’’27

which in the case ofa-GaN is equal to 54.7°. For this valu
of the angle of incidence polarization effects are null and
coordination numbers found from the EXAFS analysis
not need any corrections. Our spectra were recorded a
angle of incidenceu555°, which is, within the experimenta
error, equal to the magic angle.

As mentioned in the Introduction, the FLY spectra shou
be checked for self-absorption effects.26 More specifically, if
the thickness of the sample is much higher than the 1/m tot ,
wherem tot is the total absorption cross section, and the c
centration of the central-absorbing atom is high, then s
absorption corrections should be included in t
calculation.26,28 The m tot at the absorption edge is foun
about 105 cm21 and 1/m tot is 1025 cm or 0.1mm. The thick-
nesses of all the examined films are 10–100 times larger
0.1 mm and therefore self-absorption corrections are pr
ably needed. Following the procedure proposed by Tro¨ger
et al.,26 self-absorption corrections~SAC’s! have been calcu-
lated ~the information depth at the NK edge is found to be
about 0.05mm!. The corrections were done directly in thek

FIG. 1. N K-edge EXAFS spectra from the hexagonal samp
GaNA4 and GaN179 recorded in the TEY and the FLY detect
modes. All the spectra are normalized with the clean Si sp
trum: ~a! the as-recorded TEY spectra,~b! the as-recorded FLY
spectra, and~c! the FLY spectra after the subtraction of the oxyg
contribution~the spectra are shifted relative to each other along
y axis!.
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TABLE II. Two models that have been used for the fitting.R is the distance from the central atom,N is the coordination number, an
T is the type of neighboring atom. The lattice constants and the structure of each polytype are also listed.

Polytype a-GaN b-GaN
Structure hexagonal (C6v) cubic (Td)

Lattice constants a53.19 Å, c55.189 Å a54.50 Å
Fitting models T R N T R N

Ga 1.949 3 Ga 1.949 4
Ga 1.959 1
N 3.182 6 N 3.182 12
N 3.190 6
Ga 3.233 1 Ga 3.731 12
Ga 3.738 3
Ga 3.742 6
s
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space@x(k) spectra#, wherek5A2m(E2E0)/\2, m is the
electron mass, andE0 is the absorption threshold, which wa
defined as the maximum of the first derivative of the EXA
spectrum~roughly the absorptionK-edge energy position!.
The experimentalx(k), xexpt(k), was multiplied by a factor
1/@12S(k)#, where S(k)5m0(E)/@m tot(E)1mtot(Ef)g#;
m0(E) is the absorption cross section of the absorbing
atom,m tot(E) is the total absorption cross section~with con-
tributions from both N and Ga atoms!, Ef is the NKa fluo-
rescence radiation~390 eV!, and g is a geometric factor,
which, in the present case, is equal to tan(55°)51.428. For
the calculation ofS(k) we used the values of the absorptio
cross sections~in barns! published by Yeh and Lindau.29

Using the formula

m~cm21!5mS b

atomD r

1.66M S g

cm3D ,

where M is the atomic mass of the element andr is the
density of GaN, the absorption cross sections were tra
formed in cm21 (rGaN56.095 g/cm3).30

After normalization of the spectra by division wit
the spectrum from the clean Si wafer the atomic absorp
background was subtracted using theAUTOBK program.
Then the spectra were fitted using models constructed
the programFEFF6.31 FEFF calculates the ‘‘paths’’ corre-
sponding to the NN shells for an ideal structure. Ea
path contains information about the neighboring ato
such as the energy threshold, the NN distance, the mean
path of the photoelectron, the effective amplitude, a
the phase of the backscattering function~curved wave
corrections are included!.31 The two models used for th
fitting of the N K-edge spectra are shown in Table
The k3x(k) spectra were fitted using the progra
FEFFIT3.23.31 Only single-scattering paths were taken into a
count because the contribution of multiple scattering pro
to be insignificant. The amplitude reduction factorSj (k),
which is characteristic of the absorbing atom, was kept c
stant in all the examined samples to the value of 0.93.
additional energy shiftDE0 was added in the theoretical pa
in order to match with the experimental spectrum.DE0 was
kept constant and equal to 3.74 eV for the NK-edge spectra
The fixed values ofDE0 andSj (k) were determined after a
series of fitting of all the examined spectra and they w
s-
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kept the same for all the NN shells. The value ofl was the
same as the theoretically calculated. The initial values forRi
andNi were those predicted from the model, while the init
values for the Debye-Waller~DW! factors (Ai) were calcu-
lated using the correlated Debye model.32 Iterations were
done forRi , Ni , andAi .

B. N K-edge results

The N K-edge spectra were fitted in thek range
4 – 11 Å21 and in ther range 1–5 Å. The rather high valu
of kmin was used in order to accommodate for the nonlin
backscattering amplitude of Ga, which has two maxima a
a dip at about 3 Å21, as shown in Fig. 2. Oxygen paths hav
not been included in the analysis of the spectra recorde
the NK edge because the amount of oxygen is small and
backscattering amplitude of O is very similar to that of N,
shown in Fig. 2.

As discussed in Sec. II, the spectra should be checked
SAC’s. The S(k) and the 1/@12S(k)#, in the k range
3 – 11 Å21, are shown in Figs. 3~a! and 3~b!, respectively. It
is apparent that for the NK-edge measurements at an ang
of incidence equal to 55°, the SAC’s are not significant. T
is more clearly seen in Fig. 4~a!, where the as-recorde
xexpt(k) of the 10-mm-thick sample GaNA4 ~thick line! along
with the self-absorption~SA! -corrected spectrum~thin line!
xcor(k) are shown. The corresponding Fourier transfo
~FT! is shown in Fig. 4~b!. The small SA effect is probably
due to the high-absorption cross section of Ga in the ene
range 300–1000 eV@mGa(450 eV)'2mN(450 eV)#. TheNi

FIG. 2. Amplitude of the backscattering functions~BSA! of Ga,
N, and O calculated with theFEFF6.01code.
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and s i determined from the as-measured and SA-correc
spectra are different only by 10%, i.e., the correction is eq
to or smaller than the error bar. Despite the small values
the SAC’s, the reported results in Table III are based on
SAC spectra.

The k3-weighted x(k) spectra of all the examine
samples are shown in Fig. 5 and the corresponding FT’s
shown in Fig. 6. The experimental curves and the fitting
shown in thick and thin solid lines, respectively. The spec
from GaN67 and GaNA4 are Fourier filtered in the rang
1.1–5.2 Å. As shown in Fig. 6, the FT of the experimen
spectrum at the first peak splits in two, as indicated by
arrow. This splitting is not predicted in theFEFF6model. To
obtain a good fitting of the experimentalk3x(k) curve, one

FIG. 3. Self-absorption correction factor:~a! S(k) and ~b!
1/@12S(k)#.
d
al
of
e

re
e
a

l
e

more N-Ga path at a distanceR25R110.25 Å, in addition
to the expected N-Ga path atR151.94 Å, is included. Fou-
rier filtering of the split peak~1.2–2.5 Å! reveals that the
envelope function is similar to that corresponding to the fi
Ga path. An additional Ga path is thus indicated. The res
of the EXAFS analysis for the three NN shells are listed
Table III. The distortion in the N-Ga distance is observed
both the first NN shell and the next Ga shell where the
atoms are found at distances 3.7 and 4.1 Å. However, Ta
III contains results only from the first three NN shells sin
the error in the determination ofRi andNi for the shells at
distances larger than 3 Å is higher because the shells are n
well separated. A distortion in the N-N distances, similar
that found in the N-Ga distances, is not detected, poss
due to the small backscattering amplitude of N. The err
listed in Table III were determined after background subtr
tion with two different spline functions and using the sam
DW factors for the fitting~the errors due to the fitting pro
cedure are much smaller than the errors due to backgro
subtraction!.

The value ofR1 in the two first N-Ga shells is found to b
smaller in GaN179 and GaN67 than in GaN57 and GaNA4.
In GaN57 and GaNA4, R1 is found to be equal to 1.95 Å a
both 160 and 300 K, while in GaN67 and GaN179 the d
tanceR1 is equal to 1.91 Å. Using the published value
a54.50 Å ~Refs. 21–24! for the cubic sample GaN57, th
theoretically predicted value ofR1 is 1.95 Å, i.e., in very-

FIG. 4. ~a! The k3x(k)2k spectrum from the 10-mm-thick
GaNA4 sample and~b! the corresponding FT. The as-recorded a
SA-corrected spectra are shown as solid and dotted lines, res
tively.
e the
or
TABLE III. Results of EXAFS analysis. The first and second NN shells consist of Ga atoms, whil
third consists of N atoms.Ni , Ri , and Ai ( i 51, . . . ,3) stand for the coordination number, neighb
distance, and Debye-Weller factor, respectively. The amplitude reduction factor is 0.93.

Fitting
parameters GaN57

GaNA4
~300 K!

GaNA4
~160 K! GaN67 GaN179

N1610% 2.08 2.13 2.27 2.90 2.90
R160.01 Å 1.95 1.96 1.95 1.91 1.91
A1610% (Å2) 5.631023 6.031023 6.431023 5.231023 5.631023

N2610% 1.91 1.86 1.72 1.10 1.10
R260.01 Å 2.18 2.18 2.19 2.19 2.19
A2610% (Å2) 5.931023 6.331023 6.731023 5.531023 5.931023

N3615% 13.00 11.00 11.00 13.00 13.00
R360.03 Å 3.08 3.07 3.09 3.13 3.12
A3615% (Å2) 1.031022 9.231023 7.631023 1.131022 1.131022



m
d
n
ll
of

o
ts

ur
e

ul
m

he
c

nt

ed

h
t

he
-
is

N

t
u

e
wth
on.
ous

ffi-
NN
ies
cts

and
ed

cts
57

79
e-
es in

.95
re

ast

e
the

f a
e

m

th

wn
is-

56 13 385N K-EDGE X-RAY-ABSORPTION STUDY OF . . .
good agreement with the EXAFS results. In order to acco
modate the smaller value ofR1 measured in GaN67 an
GaN179, the value ofc should be smaller than that i
GaNA4 and GaN57 by 2%~assuming that the whole unit ce
is smaller!. Here it should be pointed out that a distortion
the lattice parameters can depend on the substrate,
growth conditions, the thickness of the film, the presence
contamination~e.g., oxygen!, and the presence of defec
such as dislocations and micro- or macrocracks12 or native
defects.11

The central N atom is fourfold coordinated withN1 Ga
atoms at a distanceR1 and N2 atoms atR2 , while N11N2
54. TheN2 /N1 ratio, which can be considered as a meas
of the distortion in the first NN shell, takes the valu
N2 /N151 in GaN57 and GaNA4, while in GaN67
and GaN179 it is equal toN2 /N150.33. This distortion
could be an indication of distorted tetrahedra in the b
of the material. However, due to the large excitation volu
that contributes to the EXAFS signal, theN2 /N1 ratio
contains also information from distorted regions at t
grain boundaries. The distortion in the N-Ga distan
is ‘‘universal’’ since it is observed in samples with differe
symmetry ~a-, b-, and mixed-phase GaN! and grown
with different techniques. This distortion could be attribut
to the thermal strain and/or inhomogeneous strain.
should be mentioned that in AlN, which also belongs in t
family of the III-V nitrides, such a distortion was no
detected.33

The third NN shell consisting of N atoms is found at t
expected distance of 3.1260.05 Å with the expected coordi
nation number of 1261 N atoms. Therefore, N deficiency
not detected, at least within the615% accuracy of EXAFS
in the determination of the coordination number in the
shell.

IV. CONCLUSION

The EXAFS measurements at the NK edge reveal tha
the local microstructure around the N atom is distorted d

FIG. 5. N K-edgek3x(k) spectra versusk for ~a! GaN179,~b!
GaN67,~c! GaN57,~d! GaNA4 at 300 K, and~e! GaNA4 at 160 K.
The recorded spectrum and the fitting are shown as thick and
lines, respectively.
-

the
f

e
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to the existence of two different N-Ga distancesR1 andR2 ,
whereR25R110.25 Å. This distortion is detected in all th
examined samples, despite the differences in the gro
method, chemical stoichiometry, and structural perfecti
Possible origins of the distortion are the inhomogene
strain due to point and extended defects34 ~dislocations, grain
boundaries, and micro- or macrocracks! and thermal strain
due to the large differences in the thermal expansion coe
cients of GaN and the substrates. The distortion in the
shell is important because it alters the interatomic energ
and the overlapping of the atomic potentials and thus affe
the band structure and the energy of the valence-b
maximum35,36 as well as the performance of devices bas
on GaN and its alloys with other III-V nitrides.36,37 The
different degree of distortion, expressed by the ratioN2 /N1 ,
could be related to the differences in the structural defe
among the examined samples. For example, GaN
is reported to be highly faulted22 with an average grain
size of the order of 500 Å, while the grain size in GaN1
and GaN67 is 1500 Å. Distortion due to biaxial stress d
pends on the elastic constants of GaN and leads to chang
the bond lengths and angles.38,39 Such a deviation of the
value of the N-Ga distance from the expected value of 1
Å is identified in the films GaN179 and GaN67, whe
R151.91 Å.

Our measurements do not detect N deficiency, at le
within the experimental error of EXAFS~615% of the co-
ordination numberN3!. Due to the large difference in th
backscattering amplitudes of the Ga and N atoms and
differences in their FLY’s a more accurate identification o
possible N deficiency~in stoichiometric films such as thos
studied here! using EXAFS will be difficult.
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FIG. 6. Fourier transform of the spectra shown in Fig. 5 for~a!
GaN179,~b! GaN67, ~c! GaN57, ~d! GaNA4 at 300 K, and~e!
GaNA4 at 160 K. The recorded spectrum and the fitting are sho
as thick and thin lines, respectively. The distortion of the NN d
tances is indicated by the arrow.
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