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Band-gap evolution, hybridization, and thermal stability of InxGa1ÀxN alloys measured
by soft X-ray emission and absorption
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The electronic structure of InxGa12xN alloys with (0<x<0.3) has been studied using synchrotron radiation
excited soft x-ray emission and absorption spectroscopies. These spectroscopies allow the elementally resolved
partial density of states of the valence and conduction bands to be measured. The x-ray absorption spectra
indicate that the conduction band broadens considerably with increasing indium incorporation. The evolution
of the band gap as a function of indium content derives primarily from this broadening of the conduction-band
states. The emission spectra indicate that motion of the valence band makes a smaller contribution to the
evolution of the band gap. This gap evolution differs from previous studies on the AlxGa12xN alloy system,
which observed a linear valence-band shift through the series (0<x<1). For InxGa12xN the valence band
exhibits a large shift betweenx50 andx50.1 with minimal movement thereafter. We also report evidence of
In 4d– N 2p and Ga 3d– N 2p hybridization. Finally, the thermal stability of an In0.11Ga0.89N film was
investigated. Both emission and absorption spectra were found to have a temperature-dependent shift in energy,
but the overall definition of the spectra was unaltered even at annealing temperatures well beyond the growth
temperature of the film.

DOI: 10.1103/PhysRevB.65.205201 PACS number~s!: 78.70.En, 78.70.Dm, 71.20.Nr, 71.55.Eq
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I. INTRODUCTION

Nitride based wide band-gap semiconductors have g
technological potential due to their application in ligh
emitting devices coupled with their extreme hardness and
ability to sustain high temperatures.1–5 The band-gap ener
gies of InN, GaN, and AlN, are 1.9, 3.4, and 6.2 eV, resp
tively, and optoelectronic devices made from alloys of the
nitrides cover the visible to ultraviolet range of the elect
magnetic spectrum.6 InxGa12xN and AlxGa12xN alloys have
successfully been grown and their band-gap energies fo
to vary with In or Al concentration. However, experiment
data on the detailed electronic structure of these alloy
scarce, particularly in the case of InxGa12xN. While photo-
emission spectroscopy is a standard probe of electronic s
ture in solids, it is difficult to apply to InxGa12xN since it
requires that atomically clean surfaces be prepared be
bulk properties can be measured.7–9 Successful methods ex
ists for cleaning surfaces of thin film GaN, but obtainin
clean surfaces of InxGa12xN alloys suitable for photoemis
sion studies is very difficult.10 However, soft x-ray emission
~SXE! and soft x-ray absorption~SXA! spectroscopies ar
ideal probes of the valence- and conduction-band densit
states since these spectroscopies have a sampling dep
'1000 Å, and are thus insensitive to atomic contaminat
or disorder of sample surfaces.11 We previously have used
SXE and SXA to study the electronic structure of GaN a
Al xGa12xN alloys, and were able to measure the element
resolved partial density of states~PDOS!, the band-gap evo
lution as a function of AlxGa12xN composition, and shallow
core-level hybridization.12–14

We present here an SXE and SXA study of electro
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structure in InxGa12xN, and report the first full measuremen
of the elementally resolved valence- and conduction-b
PDOS in this alloy system. SXA indicates that the condu
tion band broadens considerably with increasing In conte
We find that the band-gap evolution as a function of indiu
content derives primarily from this broadening of th
conduction-band states forx.0.1. The SXE spectra indicat
that motion of the valence band makes a smaller contribu
to the evolution of the band gap forx.0.1. The change in
the band gap betweenx50 andx50.1 appears to be domi
nated by the motion of the valence band. This gap evolut
differs from that in AlxGa12xN, where a linear valence-ban
shift through the series (0<x<1) was observed.14 We also
measured In 4d– N 2p and Ga 3d– N 2p shallow core-level
hybridization throughout the alloy series, and measured
thermal stability of an In0.11Ga0.89N film. Both SXE and SXA
spectra shifted in energy with temperature, but the ove
definition of the spectra was unaltered even at annealing t
peratures well beyond the growth temperature of the film

II. EXPERIMENTAL DETAILS

The samples of InxGa12xN (0<x<0.29) investigated
were wurtzite thin films of thickness 1.2, 1.1, 0.5, and 0.
mm for x50, 0.1, 0.2, and 0.29, respectively. Samples w
grown by electron cyclotron resonance excited molecu
beam epitaxy onA-plane (11̄20) sapphire in a three-ste
process. First the sapphire surface was converted from
minum oxide to AlN by exposing it to a microwave nitroge
plasma for'20 min. Next, a GaN buffer layer of about 30
Å was grown at 550 °C. Finally the InxGa12xN alloy layer is
grown at 650–675 °C. The InxGa12xN films are autodopedn
©2002 The American Physical Society01-1
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type. All the films were grown withc axis @0001# perpen-
dicular to substrate surface, based on x-ray diffract
~XRD! and electron microscopy studies. Further details
the growth conditions and the structure of the films ha
been reported elsewhere.15,16 The films were characterize
by XRD and photoluminescence; XRD was also used to
tain the In and Ga ratios and to ascertain whether any ph
separation is present.15

The SXE and SXA experiments were performed on
undulator beam line X1B at the National Synchrotron Lig
Source, Brookhaven National Laboratory. Absorption spe
were recorded either in the total electron yield mode by m
suring the sample drain current or by the total fluoresc
yield mode, and were taken with energy resolutions of'0.2
at 400 eV~in the vicinity of the N 1s edge! and of 0.8 eV at
1116 eV~in the vicinity of the Ga 2p edge!. Emission spec-
tra were recorded using a Nordgren-type grazing-incide
grating spectrometer using a 5-m 1200-lines/mm grating
first order of diffraction at a resolution of'0.31 eV at the N
1s edge.11,17–19To detect Ga 2p emission~;1000 eV! the
spectrometer used second-order diffraction with a resolu
of ;0.9 eV. The acquisition time for individual SXE spect
was'90 min. The base pressure in the experimental sys
was better than 1.031029 Torr. Sample surfaces were no
processed or cleaned in the vacuum chamber. Details o
energy calibration for the SXE and SXA spectra can
found elsewhere.12,14

III. RESULTS AND DISCUSSION

A. Valence- and conduction-band PDOS and band-gap
evolution

Figure 1 presents the SXE and SXA spectra for the Np
occupied and unoccupied states, respectively, for a serie

FIG. 1. N 2p SXE and SXA spectra from a series of InxGa12xN
alloys. The energy axis is set with respect to the valence-band m
mum ~VBM ! of GaN (x50). The absorption spectra shown he
were taken at grazing incidence.hnexc5408 eV for the SXE spec-
tra.
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InxGa12xN alloys. The dashed lines indicate movements
the band edges as a function of indium content. The ene
axis is referenced to the valence-band maximum~VBM ! of
GaN, which is estimated by linearly extrapolating the lead
edges of the absorption and emission spectra and the
gap is set to the bulk value of 3.4 eV.~A similar linear ex-
trapolation was successfully used in our earlier study
Al xGa12xN alloys.14! The sample series is limited due to th
difficulty in growing high-quality InxGa12xN with an indium
content beyondx50.35, as the sample begins to phase se
rate into both InN and GaN.15 ~Note that the SXE and SXA
spectra of the binary nitride compounds have been repo
previously.12,14,20! The evolution of the elementally resolve
band gap in the InxGa12xN alloy system is clearly visible in
Fig. 1. Unlike the behavior of AlxGa12xN alloys,14 the shift
in the top of the N 2p valence band in InxGa12xN is not
linear with x. Figure 1 reveals a shift of the top of the N 2p
valence-band emission of 0.15 eV between the GaN (x50)
and In0.1xGa0.9N, but no further shift in the band edge as th
In content is increased. This is consistent with the results
large supercell empirical pseudopotential calculations, wh
predict a large shift of the VBM betweenx50 andx50.1,
with a much smaller shift thereafter.21 In contrast to the mea
sured behavior of the VBM, the N 2p conduction-band edge
shown in the SXA spectra of Fig. 1 shifts continuously wi
In content. This is highlighted in Fig. 2, where the SX
spectra were recorded at normal incidence. Three broad

xi-

FIG. 2. Normal-incidence SXA spectra for InxGa12xN as a func-
tion of In content. Panel~a! shows the shift in the main spectra
features, panel~b! shows the motion of the conduction-band min
mum.
1-2
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BAND-GAP EVOLUTION, HYBRIDIZATION, AND . . . PHYSICAL REVIEW B 65 205201
tures~labeledA, B, andC! can be identified, and the motio
of the conduction-band edge with increasing In conten
clearly visible. This is also consistent with the superc
calculations.21 Figure 2~b! reveals that the motion of the edg
derives mostly from the broadening of spectral featureA.
~This broadening of the SXA edge has also been noted in
K NEXAFS measurement from an In0.16Ga0.84N alloy.22! The
observed behavior of the experimentally measured Np
band gap derived from the SXE and SXA spectra of Fig. 1
plotted in Fig. 3. The solid line is a least-squares quadrati
through the data points, the dashed line is a linear fit thro
the InxGa12xN (0<x<0.3) data points, and the dash-d
line is a straight extrapolation from the GaN to InN bu
band-gap values. A significant deviation from linear gap e
lution is evident. Theoretically, the behavior of the ener
gap in such an alloy system may be described by Vega
law,23

Eg~x!5Ēg1DEg~x2 1
2 !2bx~12x!.

Here,Ēg is the average gap,DEg is the difference between
the gaps of the pure end members of the alloy system, ab
is the bowing parameter. The bowing parameter allows
deviation from the linear behavior of the band gap, and fr
the fit to the data presented here, a value forb53.68 eV is
obtained. However although Vegard’s law can be fitted s
isfactorily to the range of data presented here, the large b
ing parameter obtained would result in the value of the I
gap being reached atx50.41, whereb is held constant. As
can be seen in Fig. 3, the measured band gap for
InxGa12xN alloys (x<0.3) exhibits a pseudolinear depe
dence on the In fraction,x. A linear least-squares fit to th
band-gap data forx<0.3 gives

FIG. 3. Evolution of the band gap for the N 2p PDOS in
InxGa12xN as a function of In content, as measured from the S
and SXA spectra in Fig. 1. Data points indicate the position of
experimentally determined gap, the solid line is the fit using V
ard’s law with a constant bowing parameter ofb53.68 eV, the
dashed line is a straight-line fit to the data points for 0<x<0.29,
the dash-dot line is the predicted position if the bowing parametb
is zero. See text for details.
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Eg53.3524.04x.

This figure is comparable to a number of recent studies
InxGa12xN epilayers, which obtained slopes with values
23.57,23.86, and23.93.24–27As will be discussed below
the linear fit to the data does not appear to be as satisfac
as the quadratic fit using the Vegard’s law expression.

A review of the band parameters for III-V compoun
semiconductors and their alloys gives an overview of
theoretical and experimental results obtained for the bow
parameter and provisionally suggests a bowing coefficien
3.0 eV.28 First-principle calculations of the bowing paramet
in InxGa12xN have varied fromb51.02,29 b51.16,30 b
52.6 eV,31 to b53.5 eV.26,27 Many of these calculations
have been performed for the zinc-blende phase, but band
bowing in the wurtzite phase has been expected to be v
similar.29 Likewise, experimental results have varied wi
band-gap bowing values ranging initially fromb51 eV,32 to
b52.6– 4.11 eV.26,30,33,34 Some studies of low In conten
InxGa12xN alloys (x,0.1) have indicated large bowing pa
rameters and composition-dependent band-gap bow
coefficients.26,33The supercell empirical pseudopotential ca
culations of Bellaicheet al.produce a bowing parameter th
has a strong composition dependence, withb.5 eV for
small (x,0.1) compositions.21 The calculations also predic
strong shifts in the VBM, particularly at smallx, and much
smaller shifts in the conduction-band minimum. We meas
a behavior similar to these predictions, but interpolating
results of the calculation to obtain the bowing parameters
the In fractions of the alloys studied here gives band g
that are smaller than we measure atx50.1, and larger than
we measure atx50.29.

The discrepancy between earlier experimental resu
which indicated small bowing parameters, and more rec
studies that indicate large bowing parameters, has b
partly ascribed to erroneous estimates of the alloy comp
tion favoring the large bowing factors, or conversely that t
more recent photoluminescence emission may have resu
from local fluctuations in the In fraction, which could lead
overestimates of the bowing parameter.28 However, a study
of InxGa12xN alloys using a wide range of experiment
techniques resulted in a large spread of gap values
samples withx,0.4.35 The bowing coefficient for the band
gap obtained from this data set wasb52.5 eV. A linear fit to
the same data set gives a slope of23.2 eV for the variation
of the calculated band gap with In content. As noted abo
however, our results give a bowing coefficient ofb
53.68 eV and a slope of24.04 eV.

It has been suggested that the bowing termx(12x) is
reasonable only when based on the assumption that
mixed crystal is an ideal solution and the crystal latti
changes gradually through the ternary alloy system.36 While
phase separation is well documented in InxGa12xN alloys
with high indium content,15,37,38a valence force-field calcu
lation of a relatively low indium content (In0.2Ga0.8N) model
alloy revealed random alloying or ‘‘alloy disorder’’ as op
posed to complete phase separation.39 Due to the In-N and
Ga-N bond-length difference~;10.8%!, the atomic positions
are considered to fluctuate from the ideal lattice sites, leav

e
-
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PHILIP RYAN et al. PHYSICAL REVIEW B 65 205201
both bond-length and bond-angle distortions in the all
Others have suggested that the large, composition-depen
band-gap bowing coefficient along with other optical anom
lies in InxGa12xN alloys are due to the localization of ho
states in the upper valence band.21 Bellaicheet al. point out
that, in contrast to conventional alloys, no chemical clus
ing of In atoms is needed to induce this localization. Thus
results presented here can reasonably be interpreted a
tained from random alloys rather than from the existence
phase-separated InN.

While N 2p states dominate the top of the valence ba
the bottom of the conduction band is a mixture of Ga 4s, Ga
4p, and N 2p states. Furthermore, there are occupied Gad
and N 2s states just below the valence band, and Ga 4s and
4p states mixed into the valence band itself. Figure 4 sho
the SXE spectra resulting from transitions from the Gad
states to the Ga 2p3/2 state for some of the series o
InxGa12xN alloys studied (hnexec51150 eV). The full width
at half maximum~FWHM! of the Ga 3d emission from pure
GaN was 3.13 eV, and did not change for the 10% In all
However, the Ga 3d FWHM increased to 3.59 eV fo
In0.2Ga0.8N and 3.71 eV for In0.29Ga0.71N. This is clearly
visible in Fig. 4, which shows the spectra for GaN a
In0.29Ga0.71N. Figure 5 presents the SXA spectra for abso
tion from the Ga 2p3/2 level into the conduction band. Th
absorption data show a clear loss of spectral feature de
tion as the In content increases. These changes, and th
crease in FWHM of the Ga 3d emission, are consistent wit
the speculated alloy disordering.39

B. Hybridization of N 2 p states with Ga 3d and In 4d states
in In xGa1ÀxN

SXE has been shown to be highly sensitive to hyb
states.12,14 This is a consequence of the strong dipole sel
tion rules that govern the transitions, and the dominance
intra-atomic transitions over interatomic transitions. In p
ticular, it was found that SXE was able to measure the
bridization of N 2p states with Ga 3d states in AlxGa12xN
alloys, and follow the changes in the strength of hybridiz

FIG. 4. GaLa SXE spectra for GaN and In0.29Ga0.71N. The peak
is due to transitions from the Ga 3d core level~19 eV below the
VBM ! to the Ga 2p3/2 core level. See text.
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tion as a function of Ga content in the alloys.14 The Ga 3d
state lies'19 eV below the valence-band maximum. Wh
N 2p-1s SXE spectra were recorded from GaN
Al xGa12xN, a weak emission feature was observed at t
energy, which could be conclusively identified as emiss
from N 2p states hybridized with the Ga 3d shallow core
level.14 Figure 6 shows a series of N 2p-1s SXE spectra
from InxGa12xN. These are the same spectra as presente
Fig. 1, but the energy scale is expanded to show emissio
to 30 eV below the VBM. As can be seen in the spectrum
pure GaN (x50) in Fig. 6, there is a clear emission featu
at '19 eV due to the N 2p– Ga 3d hybridization. As the In
content increases, the emission feature at 19 eV decre
due to the reduction in relative Ga content. This is identi
to the behavior seen in AlxGa12xN.14 However, in
InxGa12xN the Ga atoms are being substituted by an elem
that has shallowd states of its own, which is not the case f
Al xGa12xN. Thus while we anticipate a reduction in N 2p
hybridization to Ga 3d states as the Ga content decreases,
also anticipate an increase in hybridization of N 2p states to
In 4d states as the In content increases. Such a behavi
evident in Fig. 6, where it is clear that as the emission feat
at '19 eV decreases with In content, a feature at appro
mately 17 eV increases. The resolution used and the w
nature of the signal lead to the apparent overlap of these
emission features, and preclude any meaningful fitting of
hybrid features for the high In content alloys. As in the ca
of Al xGa12xN, this hybridization of the shallow core level
is important, since it must be taken into account when ba
structure calculations are performed.

C. Angle-dependent SXA spectra

X-ray absorption spectra can display strong intens
variations as a function of the angle of incidence of the
diation. This is a consequence of the linearly polarized nat
of the synchrotron radiation used in the experiment. T

FIG. 5. Total electron yield GaL SXA spectra of the InxGa12xN
series, revealing the Ga-derived conduction-band PDOS.
1-4
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BAND-GAP EVOLUTION, HYBRIDIZATION, AND . . . PHYSICAL REVIEW B 65 205201
transition matrix elementM in the x-ray absorption proces
contains the scalar product of the polarization vector of
incoming photone and the position vector of the electronr

M5^f1sue•r uf f&,

where here we usew1s for the wave function of a N 1s
electron andw f is the wave function of the final state int
which the 1s electron is excited.40 The dipole transition op-
eratore•r projects out the orbitals along the direction of t
polarization vector. Thus SXA spectral intensities reflect
bital symmetries. For the wurtzite films studied here, thc
axis coincides with the film normal. Consequently, thepz
~out-of-plane! orbitals are excited atK edges~absorption
from 1s states! whene'c. Similarly, thepx,y ~in-plane! or-
bitals are preferentially excited wheneic. Such effects have
been reported earlier by Lawniczak-Jablonskaet al. for N K
absorption in the binary III nitrides AlN, GaN, and InN.41

They have also been reported for the AlxGa12xN alloys.14

Figure 7 shows the angular dependence of the N 1s-2p
SXA spectra for GaN (x50) and In0.29Ga0.71N. Each of the

FIG. 6. N K emission spectra from InxGa12xN (0<x<0.29).
This is the same SXE data as in Fig. 1, but the emission below
main valence band is shown. The emission at 19 eV below the G
VBM originates from N 2p states hybridized with Ga 3d states.
This feature weakens as the relative Ga content is reduced. A
ond very weak feature at 17 eV develops as the In content incre
This feature is due to N 2p states hybridized with In 4d states
20520
e

-

four labeled absorption features shows changes in inten
and energy as the angle of incidence of the synchrotron
diation is varied. The normal-incidence spectrum represe
the situation ofe'c, while the grazing-incidence spectrum
approximately representseic. Just as was found fo
Al xGa12xN,14 the orientation dependence in N 1s-2p SXA
for the InxGa12xN alloys reveals that the grazing-incidenc
geometry spectra generally have less pronounced and we
features than those for normal incidence. This is consis
with the stronger in-plane and weaker out-of-plane bond
expected by the crystal structure. The spectra were norm
ized to have equal intensity before the edge and far above
conduction band. The polarization dependence of SXA sp
tra for cubic and hexagonal InN, AlN and GaN has be
investigated earlier.41 While the cubic structures indicate
little polarization dependence, the hexagonal structu
showed a cation dependent angular distribution.41 Figure 7
shows angular changes for GaN and In0.29Ga0.71N that are
much weaker than reported for pure InN.41 The behavior of
the anisotropy is very similar for all In concentrations. T
main part of the conduction band is about~12–14! eV wide
and we identify four pronounced features~denotedA–D!.
The N K-absorption spectra for GaN and In0.29Ga0.71N are
similar, with the in-plane character strongest at energ
around 5 eV~featureB!. The influence of Al in AlxGa12xN
can be contrasted with that of In in InxGa12xN. For
Al0.5Ga0.5N, there a shift to higher energies of the out-o
plane component of featureB, while for In0.29Ga0.71N the
feature moves to lower energy.14

D. Thermal effects

As noted earlier, InxGa12xN alloys have a propensity to
phase separate, particularly at high indium content.15,37,38A
growth phase diagram formulated by Ho and Stringfello
illustrates the growth stability of the InN-GaN quasibina

e
N

c-
es.

FIG. 7. Polarization effects on SXA spectra in InxGa12xN.
Spectra are shown forx50 andx50.29. The origin of the labeled
features is discussed in the text.
1-5
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PHILIP RYAN et al. PHYSICAL REVIEW B 65 205201
system with respect to indium content and grow
temperatures.42,43 From this formulation the stability of the
grown crystal may be predicted. Doppalapudiet al. grew
samples both in the stable and unstable regions of the p
diagram and verified the predictions using x-ray diffracti
measurements.15 We used SXE and SXA to study therm
effects on the band structure of a film grown in the sta
region of the phase diagram. A sample of In0.11Ga0.89N was
heated to three temperatures: 610, 780, and 980 °C.
sample growth temperature was'650–675 °C, thus these
sample temperatures were, respectively, below, near,
well above the growth temperature. In each case the sam
was heated for an hour at each temperature and then co
to room temperature and the SXE and SXA spectra w
recorded. The annealing procedure was performed in vac
at ;131028 Torr.

Figure 8 shows the emission and absorption spectra of
N 2p valence- and conduction-band density of states thro
the annealing series. The qualitative features of the spe
are unaffected, with almost no broadening effects, but u
close inspection, a slight shift in both the valence-band
conduction-band edges is evident. This shift of the spectr
indicated by the dashed lines in Fig. 8. After annealing

FIG. 8. SXE and SXA spectra showing the N 2p PDOS of both
the valence and conduction bands of an In0.111Ga0.89N sample as a
function of annealing temperature. RT indicates room temperat
See text.
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610 °C both the spectra exhibit a decrease in energy. Ann
ing to 780 °C resulted in no further spectral shift. But anoth
energy shift~to a lesser extent in the absorption spectra! is
evident after annealing to 980 °C. The stability of the ban
at high temperatures is evident from the constant spec
shape. The band shifting sequence or origin is not unders
at present.

IV. CONCLUSIONS

We have studied the electronic structure of InxGa12xN
alloys using soft x-ray absorption and emission sp
troscopiesx between 0 and 0.3. The N 2p valence band
shows very little change with increasing indium content. T
elementally resolved N 2p band-gap evolution as a functio
of In content was measured, and found to differ significan
from that observed for AlxGa12xN. A 0.15-eV shift of the
VBM in the N 2p SXE betweenx50 and x50.1 is ob-
served, but no significant movement thereafter. This is
good agreement with calculations that attribute this beha
and the anomalous compositional-dependent band-gap b
ing to In-localized hole states in the upper valence ban21

The SXA spectral features broaden with increasing In c
tent, indicating a decrease in the atomic nitrogen locali
tion, primarily caused by the random alloying in th
crystal.14 Finally, the thermal stability of an In0.11Ga0.89N
sample was investigated and indicated stability at eleva
temperatures beyond the growth temperature of
crystal.42,43
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