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a  b  s  t  r  a  c  t

The  electronic  structure  of  InGaN  epitaxial  layers  grown  on  sapphire  substrates  was  studied  using  X-ray
absorption at  the  In L3 and  N  K edges,  as  well  as  N K� X-ray  emission.  Knowing  that  the  InGaN  crystallizes
in  an  anisotropic  wurtzite  structure,  the  linear  polarization  of  synchrotron  radiation  was  exploited  to
estimate  the  influence  of  the  crystal  structure  anisotropy  on  the  distribution  of  the  local  density  of  states
at  the  site  of In  and  N.  The  calculated  partial  density  of states  describes  the  observed  anisotropy  in  the
measured  spectra.  Influence  of the  core–hole  effect  on  the  analyzed  absorption  spectra  was verified  and
reveal  that  a  core  hole  potential  is  effectively  screened  by the  surface  mobile  electrons  for  the  sample
with  maximum  indium  content.  The  bandgap  values  were  provided  for the  investigated  InGaN  alloys  and
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were  found  to  vary  preudo-lineary  with  indium  content.
© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Despite widespread application in optoelectronic and electronic
evices, such as in white light emitting diodes and blue laser diodes,
here are still many open questions concerning the basic material
roperties of group-III nitrides. The ternary (In,Ga)N compound
overs the spectral range from the infrared (InN with a bandgap
round 0.7 eV [1]) up to the near UV (GaN with 3.42 eV [1]). Unfor-
unately, this compound is not stable over the whole composition
ange. Bimodal and spinodal decomposition occurs and the ternary
ompounds remain stable only for In-contents less than 20% or
reater than 80% [2].  This instability range has been also shown
o depend upon the strain state of the epitaxial layers [3].  In order
o gain more knowledge about this range, the study of InxGa1−xN

ayers with a high In content were performed. The X-ray absorp-
ion near edge structure (XANES) and X-ray emission spectroscopy

∗ Corresponding author. Fax: +1 510 486 7588.
E-mail address: INDemchenko@lbl.gov (I.N. Demchenko).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.059
(XES) techniques were used to help understand its local atomic
order and electronic structure.

XANES focuses on the region of the X-ray absorption spectrum
dominated by multiple photoelectron scattering and is a powerful
tool to analyze the electronic structure of materials. The spectral
fine structure is very sensitive to changes in the chemical envi-
ronment around a selected element [4] and provides information
about the ionic state of the absorbing atom, electron configura-
tion, and site symmetry. Moreover, a simultaneous modification of
the conduction band (CB) and valence band (VB) by In incorpora-
tion into GaN can be studied with X-ray absorption spectroscopy
(XAS), which yields the energy difference between the core level
and the unoccupied CB, and XES, which yields the energy difference
between the occupied VB and the core level. Together, XAS and XES
measurements can be used to evaluate the size of the bandgap [5] in
way  that optical absorption cannot, namely, tracking the dynamics
of the CB in conjunction with VB modifications close to the Fermi

level.

The InGaN system crystallizes in a wurtzite structure with two
kinds of first-neighbor anion–cation bonds [8]:  a single bond along
the c-axis (� bond) and three bonds slightly inclined with respect

dx.doi.org/10.1016/j.jallcom.2011.07.059
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:INDemchenko@lbl.gov
dx.doi.org/10.1016/j.jallcom.2011.07.059
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o the c-plane (� bonds), see insert in Fig. 3. For InN, the three �
onds length is about 2.16 Å, being slightly longer than the � bond
hich is about 2.15 Å. On the other hand, for GaN it is the opposite,
ith the � bond of about 1.95 Å being slightly shorter than the �

ond of about 1.97 Å [6,7]. This anisotropy may  influence the opti-
al as well as the transport properties and, therefore, highlights the
mportance of experimental observation of bond strength distri-
utions along different crystal orientations: along the c-axis or in
-plane. Therefore, in this paper the spatial electronic orbital dis-
ribution around an absorbing atom are examined by varying the
irection of the linearly polarized synchrotron radiation (SR) with
espect to the specific crystallographic direction in wurtzite InGaN
lms [8,9].

Additionally, the simulations of the XANES spectra by ab ini-
io calculations under the assumption of the supposed local atomic
rrangement compared to experimental spectra are presented. The
odels were refined iteratively to obtain the best agreement with

xperimental results. This approach was used here to get informa-
ion about the local atomic order and electronic structure in the

aterials studied. The linear polarization of synchrotron radiation
nd core–hole effect were considered in calculations.

. Experimental

The InxGa1−xN (x = 0.23, 0.35 and 0.53) samples were grown 0.4 �m thick on the
itridated c-plane of the sapphire substrates without a GaN buffer at a temperature
f  550 ◦C using radio-frequency plasma-assisted molecular beam epitaxy (RF-MBE).
nN  and GaN reference samples of approximately 1.0 �m were prepared using the
ame procedure [10].

XANES spectra were collected at room temperature, at the Advanced Light
ource (ALS) on beam lines 9.3.1 and 8.0.1, with respective energy resolutions of
.6  eV near the indium L3 edge, and 0.2 eV near the nitrogen K edge. In order to avoid
elf absorption effect due to the high content of indium, XANES spectra were gath-
red in a total electron yield (TEY) detection mode, by measuring the sample drain
urrent. Soft X-ray emission (XES, 8.0.1) was measured using the Tennessee/Tulane
rating spectrometer [11] which has a total energy resolution of approximately
.6 eV. The elastic emission peak in XES spectra was  used for calibration of the detec-
or  energy to the XAS monochromator energy. All of the presented XANES spectra
ere averaged through at least two data sets, next a pre-edge linear background
as subtracted and the edge step was normalized to unity.

XANES spectra were acquired with two different angles between the sample
urface (c-plane) and the polarization vector of SR, e. In case of the “in-plane” geom-
try the polarization vector e was parallel to the sample surface, thus, the electronic
ransitions are excited mainly in the “c-plane” probing the � bonds. In the “out-of-
lane”  geometry the polarization vector e formed a small angle with the “c-axis”,
hich is normal to the sample surface. Therefore the states localized along the “c-

xis”, single � bond, predominate in the spectra. Additionally, data at the nitrogen
 edge were collected at 45◦ angle between the polarization vector of SR and the
ample surface to obtain an ‘average’ XANES spectra, which were used to estimate
he  size of energy gap.

To examine possible phase segregation and the level of structural disorder in
he investigated structures the high resolution X-ray diffraction (HRXRD) measure-

ents were carried out using a high-resolution diffractometer (Philips X’Pert-MRD)
quipped with a parabolic X-ray mirror, a four-bounce Ge 220 monochromator at
he incident beam, and a three-bounce Ge analyzer at the diffracted beam.

. Calculations

The calculation of the XANES spectra, were performed using
b-initio multiple-scattering FEFF8 [15] and FDMNES [16] codes.
he FEFF8 code implements a one-electron theory based on a
elf-consistent (SC) real-space Green’s-function formalism and
nal-state potentials taking into account an appropriately screened
ore–hole (CH). FDMNES code provides two different approaches
or monoelectronic calculations: (i) a finite difference method to
olve the Schrödinger equation, where the shape of the poten-
ial is free, thus a Muffin-Tin (MT) approximation can be avoided;
r (ii) Green formalism (multiple scattering) with a MT  potential.

e applied the second approach, not only to ensure the similar-

ty between FEFF8 and FDMNES codes, but to show the projected
ensities of states along different crystallographic directions (px,y,z
nd so on). Such an option is inaccessible in FEFF8.
 Compounds 509 (2011) 9528– 9535 9529

The following values of the lattice constants used in cal-
culations were taken from the our XRD measurements: InN –
a = b = 3.5331 Å, c = 5.7063 Å; GaN – a = b = 3.18940 Å, c = 5.18614 Å;
and In0.23Ga0.77N; a = b = 3.250 Å, c = 5.3039 Å. The space group is
P63mc.  The positions/coordinates of the atoms in each cluster,
except for the In0.23Ga0.77N alloy, were taken from crystal struc-
tures of w-InN and w-GaN compounds [6,7]. In the case of the
In0.23Ga0.77N alloy calculations were done for different models
based on an ideal w-GaN structure (two atoms of Ga and two atoms
of N per unit cell) where 0.5 atom of Ga was replaced by indium. The
best results were obtained for indium atoms located at the down
corner positions of the unit cell and around the central (absorber)
indium atom. The following coordination shells were considered,
counting from the absorber: (1) 3 × N – 1.99 Å and 1 × N – 2.0 Å;
(2) 6 × Ga – 3.25 Å and 6 × In – 3.25 Å; (3) 1 × N – 3.30 Å, 3 × N –
3.81 Å and 6 × N – 3.82 Å; (4) 6 × Ga – 4.6 Å; (5) 6 × N – 4.63 Å, 6 × N
– 5.01 Å and 3 × N – 5.02 Å; (6) 2 × Ga – 5.30 Å and 12 × Ga – 5.63 Å,
and so on.

The following assumptions in the FEFF8 input file were used
to simulate measured XANES spectra and to get partial densities
of states (PDOS): final states were calculated inside a sphere of
about 13 Å radius; the muffin tin (MT) radius was calculated using
the Norman procedure and MT  spheres were automatically over-
lapped by 10%; only the dipole component was taken into account;
the real Hedin and Lundqvist exchange-correlation potential was
used; all near-edge structure was specified up to k = 4 Å−1, and all
of the states below the Fermi level were considered to be occu-
pied. To eliminate the contribution of the occupied states into the
absorption spectra the transition cross section for these states was
set to zero and the convolution with the Lorentzian function was
performed. Using the above assumptions, the position of the Fermi
level for the L3 edge of indium was  found to be at −7.72 eV for InN
and at −8.01 eV for In0.23Ga0.77N alloy. The Fermi energy was then
shifted down in energy by 0.7 eV for both models in order to set the
Fermi level in the middle of the bandgap.

The FDMNES simulations were done using input parameters
similar to those used in the described FEFF8 calculations, with the
exception that the EF value was  shifted by −4.7 eV.

4. Results and discussion

4.1. DOS resulted from FEFF code

In order to find the origin of the main features in the experimen-
tal XANES spectra the total and PDOS were selectively compared to
them. In Figs. 1 and 2 the calculated, using the FEFF8 code, total and
partial ground-state DOS for occupied and unoccupied states for
w–InN, w–GaN and In0.23Ga0.77N alloy are presented. It should be
emphasized that, originally, zero on energy scale in the DOS calcu-
lated by FEFF8 corresponds to the vacuum level, which is typically
several eV above the self consistently determined Fermi level. The
data in these two figures are shown on a relative energy scale, E-EF,
where EF was  calculated using FEFF8.

Comparing the total DOS with the PDOS one can anticipate
which states significantly contribute to the given structure seen
in the electronic state distribution. Consequently, the peak marked
as “A” in Fig. 1(a) corresponds to the VB maximum, and according
to PDOS calculations is composed mainly of N 2p states together
with a smaller amount of indium p and d states. Peak “B” is in the
CB and is defined by intermixing of all of the indium and nitrogen
states with approximately equal proportion. A double structure “C”,

located about 5 eV, is mainly composed of p-N and s-In states with
a small contribution of indium p and d states. A peculiarity labeled
as “D” at about 8.9 eV is formed by the mixture of p orbitals pri-
marily from In with a small contribution from N. The “E” and “F”
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double structures are stipulated by d and p states of In and a smaller
statistical weight of N p states.

For w–GaN the specific contributions of PDOS of individual ele-
ments to the main features of GaN total DOS are followed the
ones for the InN (see Fig. 1(b)). In turn, adding indium atoms
into GaN significantly changed the electronic structure, as can be
seen by comparing the total and partial DOS in Figs. 1 and 2. For
In0.23Ga0.77N alloy the most profound change is a smearing of the
well separated, in the binary compounds, “C” structure, due to the
overlap of In and Ga s states, and p states from Ga, In and N. In the
following, we  use these peculiarities of the electronic states energy
distribution to interpret the origin of XANES spectral features tak-
ing into account the transition probability for a given symmetry of
electronic states and a given geometry of spectra registration.

4.2. Polarized XANES: indium L3 – and nitrogen K edges

Under the assumption of dipole selection rule the L3 edge
involves the electronic transitions from the atomic-like indium
2p3/2 state to unoccupied states above the Fermi level with s and d
symmetry. In Fig. 3 we present experimental XANES spectra gath-
ered at two  different geometries near the indium L3 edge for the
InxGa1−xN layers with indium content of 1, 0.53, 0.35 and 0.23.
The nitrogen K edge under the same assumption involves transi-
tions from an atomic-like N 1 s state to the unoccupied states of
p-character above the Fermi level. The experimental spectra for the
same samples and for two geometries are presented in Fig. 4.

As can be seen by comparing Figs. 3 and 4, the anisotropy for
the p conduction states distribution at the anion site is more pro-

nounced as related to the d states at the cation site. It is attributed
to the different atomic orbitals responsible for the K and L3 edges.
As was  explained above, due to the dipole selection rule, the K
edge spectra in anisotropic wurtzite structures are composed of
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Fig. 3. Experimental XANES spectra at the L3 edge of indium for the examined sam-
ples (from top to down): InN, In0.53Ga0.47N, In0.35Ga0.75N and In0.23Ga0.77N layers; the
spectra were collected for two geometries (thick line–“in-plane” and thin line–“out-
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f-plane” geometry). The insert presents the unit cell corresponding to w-InN. Grey
alls denote In atoms, black ones–N.

 mixture of px,y and pz components with a varying ratio deter-
ined by the experimental conditions. Therefore, the K edge of

 reflects asymmetric p-type orbitals, while the indium L3 edge
eflects orbitals with s and mainly d symmetry. The s orbitals are
pherical and d orbitals, because of their spatial orientation, con-
ribute partially in both geometries of the experiment, giving a less
symmetric XANES spectra at this edge. Moreover, the observed
ess-pronounced anisotropy at the cation site could be additionally

ttributed to significantly better energy resolution at the nitrogen

 edge considering its much smaller natural core–hole level width
0.11 eV [12]) as compared to the indium L3 edge (2.65 eV [13]).
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We  start from the qualitative comparison of the indium L3
edge spectra. There is no observable energy shift in the position
of the absorption edge for the investigated samples regardless
of the applied geometry of measurement. Therefore, within the
limit of the experimental energy resolution, the compositional
changes have no influence on the ionic state of the indium, keeping
unchanged the charge transfer in the In-N bounding irrespective of
the geometry of bond. The observed fine structure, between 3730
and 3743 eV, is more extended for alloys in comparison to the InN
film. A shoulder, arising in the region of 3741–3747 eV, gradually
moves to higher energy reaching a maximum of 0.6 eV relative to
the pure InN. The resonance, marked as “S”, at about 3760–3765 eV,
also shifts by 2.2 eV towards higher energies as the indium content
is decreased. These changes in the absorption spectra are evidence
for the following: increasing the content of Ga atoms into InGaN
induces an additional asymmetry in the crystal field of the InN
host matrix due to the relatively shorter bonds of gallium atoms
with nitrogen. The Ga-introduced crystal field changes enhance the
energies of some higher-energy indium d orbitals decreasing the
intensity of the feature “S” with increasing Ga content, Fig. 3. The
effect is also clearly visible on the PDOS presented in Figs. 1a and 2
thus properly accounted in simulation.

For the “out-of-plane” geometry the peak labeled “A” (see Fig. 3)
has a larger amplitude for the InN and In0.23Ga0.77N than for the
other two  alloys. This feature also exists for the remaining two
alloys, but with less intensity and less localization as compared
to the InN. This demonstrates the higher local structural disorder
in layers containing more than 0.23 of indium. In addition, the “S”
peak corresponding to “out-of-plane” geometry, for both the InN
and In0.23Ga0.77N, is slightly shifted to higher energies compared to
their respective “in-plane” spectrum. This polarization dependent
effect can be explained by varying contribution of unoccupied dz2 ,
dx2−y2 and dxy electron orbitals. The ratio of these orbitals depends
upon the orientation of the SR electric field along the specific
crystallographic directions of the investigated film (will be shown
below, see Section 4.2.1). The alloys with xIn = 0.35 and 0.53 do not
show this effect. The loss of the anisotropy is even more pronounced
at K edge of N for the samples with high content of In. This suggests
that the InGaN alloys, containing more than 0.23 of indium, may
be grown with some structural misorientation, i.e., crystallites in
these films are not well aligned with respect to the growth direc-
tion averaging, thus, the anisotropy of crystal. Moreover, we cannot
exclude the possibility of phase segregation.

Subsequently, to confirm this, all of the samples were exam-
ined by HRXRD. Our HRXRD measurements proved that a mosaic
structure indeed exists with a tilt mosaicity deflected from the
direction of growth by about 1◦ in the layers with xIn = 0.35 and 0.53,
as opposed to the sample with xIn = 0.23 which exhibited a quite
good crystalline arrangement. Moreover, it was observed, similarly
to the work in ref [14], that the InxGa1−xN alloys with 0.35 and
0.53 indium content are not chemically homogeneous. One final
HRXRD observation was  the detection of a small amount of pure
indium phase in the sample with xIn = 0.53. These results support
our XANES observations and conclusions. Therefore, more quan-
titative interpretations of the XANES spectra based on theoretical
simulations were only performed for the pure InN and GaN samples,
and the In0.23Ga0.77N alloy.

In Fig. 5 comparison of the calculated XANES spectra and PDOS
for InN and In0.23Ga0.77N alloy with the experimental results is pre-
sented. For both samples the main features in the L3 spectra closely
follow a mixture of the In d-PDOS with insignificant amount of In
s-PDOS. By taking into account either transitions to l − 1(s) or to

l + 1(d) states symmetry in the FEFF8 code for calculations of the
“unpolarized” XANES In L3 edge spectra, one can discriminate the
contribution to different symmetry states. The estimated contribu-
tion of metal s states into the InN spectrum is about 30 times weaker
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 core–hole.

han that of d states. It agrees with the results obtained in [17] for
he L3 edge of Re, where the calculated ratio of the absorption cross-
ections corresponding to the transitions into d and s final states is
bout 50:1. However, we  should emphasize that close to the CBM
etal, s orbitals are involved into hybridization with N 2p states and

ould not be neglected since they influence on modification of the
ow energy region of In L3 spectrum. It was also demonstrated by
b initio study (WIEN2k code) of electronic and optical properties
f InN in wurtzite and cubic phases [18].

Since the final state in the soft X-ray emission process contains
 hole in the VB rather than the core level, the emission spectra
eflect the ground-state PDOS provided that final state rule is valid.
n case of X-ray absorption process, in the absence of a core hole
the initial state rule), both the initial and the final states in FEFF8
re represented by the ground-state single electron wave functions.
n the presence of a core hole (the final state rule), the final state

ave function is calculated for a system with a static core hole in
 given core level. By default, FEFF8 calculates a XANES spectrum
sing an appropriately screened CH. However, the experimental
pectra are not always satisfactorily reproduced because the elec-
ronic wave functions for the occupied and unoccupied bands can
e significantly distorted by the presence of a CH [19]. For instance,

n the soft X-ray region, there are cases where the mobile electrons
f the metal completely “screen” the core–hole potential. For this
ituation, the NOHOLE card should be used in FEFF8. This roughly
imulates the effect of complete CH screening by causing FEFF8
o calculate potentials and phase shifts as if there were no CH. To
stimate the influence of the CH on the XANES spectral profile, addi-
ional calculations assuming a completely screened core hole (NH)
ere performed. The results are shown in the middle frames in

ig. 5. It was found that, by taking the CH into account, the exper-
mental spectrum for the In0.23Ga0.77N is more closely reproduced
Fig. 5(b)), whereas for the InN the NH approach should be applied
Fig. 5(a)). The experimental spectrum for the InN is blue-shifted as
ompared to the CH calculated spectrum, and for the region around

9.3 eV, it more closely resembles the simulated spectrum with-
ut taking into account CH (NH in Fig. 5(a), middle). The distance
etween the resonances, marked by vertical dotted lines in Fig. 5(a),
or NH model is 1.6 eV larger compared to CH model and agrees well
3

with the experimental one. Therefore, for the InN a CH potential
seems to be effectively screened by mobile electrons. Such an effect
was  not observed for the In0.23Ga0.77N alloy (see Fig. 5(b)) where the
accounting for CH provides better agreement with the experiment
in the considered region. Let us remember that XANES spectra were
collected by means of a surface sensitive detection mode (TEY).
Thus, considering the results in [21], where the existence of an
electron accumulation layer at the InN surface was  quantitatively
confirmed, we hypothesize that the screening of the core–hole
potential for InN is more effective due to the extra free surface elec-
trons, which does not appear to be the case for the In0.23Ga0.77N
film. Additionally, in [22] a notable difference between the X-ray
absorption edge onsets for the total fluorescence yield (TFY, which
is bulk sensitive) and the TEY modes was observed for nitrogen
K edge of InN. The onsets were found to occur at approximately
0.8 eV and 1.4 eV above the valence band maximum, respectively.
The authors attributed the shift of the absorption threshold for the
TEY XAS by pinning of the Fermi level at the surface high above the
conductive band minimum, due to the intrinsic electron accumu-
lation. These results confirm our assumption about screening of CH
potential for indium L3 edge of InN.

Many authors have previously performed simulations of XANES
spectra for InGaN alloys near the K edge of nitrogen, see for instance
[19,20], therefore we  have chosen not to discuss nitrogen spec-
tra by comparing with FEFF calculations. Instead we will examine
the general trends observed in spectra. When a chemical bond
interacts with incoming radiation at a large incidence angle (“in-
plane” geometry), the �-bonds play a significant role, resulting in
strong absorption being observed for the transition from N 1s to
the unoccupied px,y states. Similarly, for a grazing incidence angle
(“out-of-plane” geometry), the strong absorption is dominated by
the transition from N 1s to the unoccupied pz state which corre-
sponds to a �-bond character. In Fig. 4, the peak labeled “C” in the
“out-of-plane” geometry corresponds to pz final states, while the
peaks labeled “A”, “B”, and “D” – correspond to px,y final states.
The XANES spectra of nitrogen K edge, indium L3 edge and
HRXRD confirm high structural disorder in the In0.35Ga0.65N and
In0.53Ga0.47N alloys. For both alloys the measured XANES spectral
features show peak broadening and no polarization dependence.
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his serves as a fingerprint of non-ideal hexagonal structure. Such
ehavior suggests an increasing randomness in the nitrogen atomic
rrangement, primarily caused by misorientation of the crystallites.
he In0.23Ga0.77N layer exhibits a behavior similar to that of the GaN
olarized spectra.

.2.1. DOS resulted from FDMNES code
To gain additional information about projected PDOS contribu-

ion for In L3 edge we performed calculations using the FDMNES
ode for both the total atomic electron density and the projected
ensity of states for each l and m, where l is the orbital angu-

ar momentum number and m is the magnetic quantum number.
s can be seen in Fig. 6, and similar to our FEFF8 results in
ig. 5(a), the NH approach more closely reproduces the experimen-
al XANES spectrum of InN. Together with the simulated XANES
pectra we show the PDOS for the In s and dx2−y2 , dxy, dyz, dzx,
2
z projected orbitals. Partially, they contribute in both geometries
f experiment, but some asymmetry of states can be noticed and
s reflected in the features of XANES spectrum. The primary fea-
ures in these spectra reflect mainly In d2

z and dx2−y2 , dxy PDOS for
out-of-plane” and “in-plane” geometries, respectively. For the “out-
f-plane” geometry, peak “A” is shown to be composed mainly of d2

z
tates. It decreases in intensity on the theoretical XANES spectrum
n case of “in-plane” geometry, where some discrepancy between
he theoretical and experimental spectra exists due to, probably,
nderestimation of the lowest dx2−y2 , dxy, dxz, yz states contribu-
ion in this region. Inexpressive regard to the theory, feature “B”
“in-plane” geometry) is associated with the dx2−y2 , dxy, dxz, yz con-
ribution. The larger amplitude of the “D” feature (“out-of-plane”
eometry) could be explained by occurrence there of significant
ontribution of In d2

z orbitals. A higher energy shift of the “F” reso-
ance (“in-plane” versus “out-of-plane” geometry) can be attributed

o differing contributions of dx2−y2 , dxy orbitals and dxz, yz for the
ifferent orientations.

The performed calculations confirm the observed changes in the
ntensity of XANES spectra measured in different geometries, and
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describe them by PDOS anisotropy. The geometrical effect is weaker
in case of the XANES L3 edge of indium compared to the nitrogen
K edge. In spite of that the influence of CH effect on XANES spectra
for indium L3 edge for InGaN alloys is evident.

4.3. “Unpolarized” XAS and XES near the K edge of nitrogen

In Fig. 7 the results for the InxGa1−xN samples measured by XES
(K� line) and XANES for the nitrogen K edge are presented. All of
the data were collected at the angle of 45◦ between the incidence
beam and the sample surface.

Fig. 7(a) presents a series of soft X-ray emission spectra collected
at an incident photon energy above the absorption threshold, nom-
inally 403.4 eV. By recording N K� emission spectra we  study the
occupied 2p states of N. A narrowing of InxGa1−xN VB with increas-
ing indium content is clearly visible and agrees with the energy
distribution of 2p-N states for InN and GaN presented in Fig. 3,
where was  shown that the N states are more localized in InN than
in GaN. Two  distinct features appear in the discussed region. The
binding energy at the top of the VB is shifted up in energy by approx-
imately 0.2 eV as the In content is decreased, whereas the bottom of
the VB is moved up by about 1.2 eV. A maximum observed around
394 eV, at the top of the VB, is assigned to 2p-N occupied states.
The low-energy feature located between 388 and 391.5 eV is pri-
marily composed of nitrogen 2p states hybridized with indium 5s
and gallium 4s states. Likewise, with increasing indium content in
GaN, the CB minimum moves towards lower energy, which can be
explained by an increasing amount of near neighbor In atoms. This
reflects the change in the bandgap of the nitrogen projected states
due to the some fraction of N atoms is bound to Ga and part to In
which have different gaps.

A comparison of XES/XANES spectra in Fig. 7(a and c) shows
a modification of the bandgap size taking place primarily by the
reorganization to higher energies of the bottom of the CB with
decreasing indium content.

Additional measurements were performed for the InN and for
the InxGa1−xN alloys at excitation energies of 397.15 and 397.9 eV,
close to their CB minima (absorption onsets), to determine if the
bandgaps are of direct or indirect type [23]. In a XES experiment
the bandgap type can be determined by observing the emission
spectra as a function of excitation energy. For a direct energy gap
material, emission at the highest energy is expected for excita-
tion energy in the vicinity of the absorption threshold (into the CB
minimum, CBM). As the excitation energy increases, the emission
should shift towards lower energy. For indirect bandgap materi-
als an opposite behavior is expected, i.e., a shift of the emission
spectrum (namely top of the VB, VBM) towards higher energy as
the excitation energy increases. In another words, as the excita-
tion energy increases, the probing transitions get closer, in k space,
to the top of the VB [5].  As seen in Fig. 7(b), emission data for InN
clearly show the tendency expected for a direct energy gap. Namely,
the XES spectra for the InN film recorded at two different excita-
tion energies, just below the absorption threshold 397.15 eV and
slightly above the first resonance 403.4 eV, show a shift of the VBM
to lower energies indicating a direct bandgap. This behavior results
from a well-established k-selectivity effect [24], whereby restric-
tions on the intermediate state relaxation relatively enhance the
emission at the k-point of the CBM.

Emission spectra with an excitation energy close to the CBM
were compared to their respective XANES spectra for all of the
investigated samples, direct energy gap values were then estimated

by observing the difference between the top and the bottom of VB
and CB.

The resulting direct energy gap values are plotted versus indium
content (xIn) in Fig. 7(d). They are consistent with those of Davydov
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ap  energies using bowing parameters equal to 1.43 eV. The points on the plot corr
ata  for investigated samples. (For interpretation of the references to color in this fi

t al. [1].  Theoretically, the behavior of the gap for such an alloy
ystem can be described by the following formula [25]:

G(x) = 3.42x + 0.77(1 − x) − bx(1 − x),

here x is the Ga composition. Early optical studies gave a wide
ange for the bowing parameter, b, ranging between +4.9 eV and
0.8 eV [26], however, recent comprehensive optical absorption

tudies of high-quality InxGa1−xN films have found that b = 1.43 eV
25]. Our data indicate that the energy gap values vary pseudo-
inearly with x. The dashed line in Fig. 7(d) corresponds to the
redicted position if the bowing parameter b equals to 1.43, which
grees well with the previous optical absorption studies [25].

. Conclusions

XES/RIXS and angle-dependent XAS studies of w-InN, w-GaN
nd InxGa1−xN (with x = 0.23, 0.35, 0.53) layers were performed. We
ave provided reliable spectra of indium L3 and nitrogen K edges
ith theoretical calculations of the selective spectra including the
H effect and PDOS projected on different crystallographic direc-
ions. By applying FEFF8 and FDMNES codes we have shown that
he CH should be included for the calculation of unoccupied states
n the case of the InGaN alloys. For pure InN the NH approach bet-
er describes the experimental data, which we believe is due to
n accumulative layer effect causing a higher concentration of free
arriers in InN that fully screen the core level with a hole. Our calcu-
ations for these samples are in good agreement with the reported
ANES measurements for two geometries “in-plane” and “out-of-
lane”, and prove that calculations using the FDMNES code for In

 and d-PDOS can fully describe the fine structure observed in the
pectra. In the case of the InxGa1−xN layers the geometrical effect
an be a test for the quality of grown layer.
Combining XES/RIXS and XANES at the K edge of N for the sam-
les with a varying content of In, we have proved that their bandgap
eorganizes mainly by moving the bottom of CB preudo-lineary
pward in energy with decreasing of In content.

[

[

ra for different In content. (d) The dashed curve corresponds to the fit of the band
d to the energy gap values estimated from collation of XES and XAS experimental
egend, the reader is referred to the web version of the article.)
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