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Density of states, hybridization, and band-gap evolution in AlxGa12xN alloys
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The electronic structure of the wurtzite AlxGa12xN alloy system has been studied for numerous values of Al
concentrationx ranging from 0~pure GaN! to 1 ~pure AlN!. The occupied and unoccupied partial density of
states was measured for each alloy using synchrotron radiation excited soft x-ray absorption and emission
spectroscopies. High-resolution x-ray emission spectroscopy allowed the motion of the elementally resolved
bulk valence-band maximum to be measured as a function of Al concentration. Using this technique we
estimate that the value of the band-gap bowing parameter for AlxGa12xN is zero. Furthermore, the x-ray
emission spectra revealed resonantlike emission at approximately 19 eV below the GaN valence-band maxi-
mum. By measuring the intensity of this feature as a function of Ga content we prove conclusively that this
emission arises from hybridization of N 2p and Ga 3d states. Finally, we find that the NK- and Al
K-absorption spectra depend strongly on the photon angle of incidence with respect to the surface normal. We
explain this in terms of orbital anisotropy in AlxGa12xN. @S0163-1829~98!03627-3#
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I. INTRODUCTION

The use of GaN, AlN, and AlxGa12xN alloys in electronic
devices has resulted in III-N wide-band-gap semiconduc
becoming a very important class of technological materia1

The band-gap energies of InN, GaN, and AlN, are 1.9, 3
and 6.2 eV, respectively, and in principle optoelectronic
vices made from alloys of these materials cover the en
visible to ultraviolet range of the electromagnetic spectru2

Al xGa12xN alloys have successfully been grown and t
band gap found to vary with Al concentration. Neverthele
there is a significant lack of experimental data concerning
basic electronic structure of these materials. Indeed, to
knowledge the first full band mapping of wurtzite GaN w
only recently published,3 and the intrinsic band structure, th
density of states~DOS!, and the electronic properties of su
faces are all topics presently under intense scrutiny. W
photoemission spectroscopy is a powerful probe of electro
structure in solids that is now being widely applied to III-
semiconductors, it requires that atomically clean surface
prepared before bulk properties can be measured.4–6 The
methods for cleaning surfaces of thin-film GaN have be
extensively reviewed by Bermudez, and little is known ab
cleaning AlxGa12xN surfaces at present.7 A further problem
with photoemission spectroscopy is that, while it does m
sure band dispersions, it does not measure the partial de
of states.4 ~Rather, angle integrated photoemission measu
a joint density of states.! The need for complementary probe
of electronic structure in these materials is thus clear.

We present here results of a study of the bulk electro
structure of AlxGa12xN (0<x<1) using synchrotron radia
tion excited soft x-ray emission~SXE! and soft x-ray absorp
tion ~SXA! spectroscopies.8,9 Specifically, we have measure
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the elementally resolved partial density of states~PDOS! for
a series of AlxGa12xN alloys. The valence-band contribu
tions of N 2p, and Al 3p states have been measured
recording theK-edge spectra of N and Al, respectively. W
find that the spectra agree well with the corresponding PD
from anab initio calculation.10 We also use SXE as a tool t
monitor the band-gap variation of AlxGa12xN alloys as a
function of Al content. This allows us to interpolate th
band-gap values for all Al concentrationsx and estimate the
band-gap bowing parameterb. We have also used SXE t
measure the degree of N 2p hybridization in the shallow Ga
3d core states, and correlate the measured hybridization
Ga content. Finally, we have observed strong angular va
tions in the SXA spectra that correspond well with predict
orbital anisotropy of the conduction-band states.

II. EXPERIMENTAL DETAILS

Our samples were thin-film wurtzite AlxGa12xN (0<x
<1) grown using electron-cyclotron resonance-assis
molecular-beam epitaxy on sapphire substrates. The sam
were n-type, and the growth procedure has been repor
elsewhere.11 Resistivity, mobility, x-ray diffraction, and pho
toluminescence studies indicated high-quality films. SX
and SXE measurements were performed at the undul
beam line BW3 at HASYLAB/DESY in Hamburg, Ger
many, and on undulator beamline X1B at the National S
chrotron Light Source, Brookhaven National Laborato
Absorption spectra were recorded in the total electron yi
mode by measuring the sample drain current and were ta
with energy resolutions of approximately 0.1 eV at 400 e
~in the vicinity of the N 1s edge! and 1.5 eV at 1400.0 eV~in
the vicinity of the Al 1s edge!, corresponding to setting th
1928 © 1998 The American Physical Society
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monochromator’s exit slit width to 80mm. Since the soft
x-ray emission~fluorescence! process is weak compared
the competing nonradiative deexcitation channels, the n
for reasonable counting statistics required the use of a la
exit slit width ~400mm, corresponding to an incident photo
energy-resolution of about 1 eV! during emission experi-
ments. Emission spectra were recorded using a Nordg
type grazing-incidence grating spectrometer using a 5
1200-lines/mm grating in first order of diffraction at a res
lution of approximately 0.8 eV.12,13 The acquisition time for
individual SXE spectra was approximately 90 min. The ba
pressure in the experimental system was 1.031028 Torr.
This vacuum is quite adequate since both SXA and SXE
primarily bulk probes, and surface phenomena were not
der investigation. Sample surfaces were not processe
cleaned in the vacuum chamber.

We compare our SXE and SXA spectra of AlxGa12xN
with thepartial density of states taken from Xu and Ching10

The spectra result from the following electronic transition
3p→1s ~Al K emission!, 1s→3p ~Al K absorption!, 2p
→1s ~N Ka emission!, and 1s→2p ~N K absorption!. Since
the final state in x-ray emission contains a hole in the vale
band, one expects that soft x-rayemissionspectra reflect the
ground-state DOS if the final state rule is valid.14 The final
state rule states that the spectral features that appear in
spectroscopy correspond to the theoretical DOS calcul
with the final state potential. In general, x-rayabsorptioncan
only be compared to calculations that take into accountcore
hole effects but in favorable cases the resulting distorti
are small.15

The results of two spectroscopic techniques will be p
sented, and then compared to theory. While these s
troscopies either measure~SXE! or vary ~SXA! a photon
energy, it is relativebindingenergies in the materials that a
of interest. The procedures used for setting a common b
ing energy scale are discussed fully in our earlier study
pure GaN.16 Briefly, we first calibrate our spectrometer d
tector by using the elastic scattering of incident photons
various energies. The accuracy of this method depend
the combined instrumental resolution of the monochroma
and the spectrometer as well as on the relative visibi
~number of counts! of the elastic peak.~The monochromator
calibration is accurate to within 5%, and since we are us
relative energy differences in the spectra, we use the m
chrometer setting as the photon energy. Clearly theabsolute
energy scale, which is not of primary interest here, is l
accurate.! This allows us to plot the SXE spectrum as a fun
tion of photon energy, i.e., the emission spectrum is plot
on the same energy scale as the absorption spectrum
situations where the elastic scattering was too weak to
visible in our spectrometer, we instead record inner-sh
transitions and calibrate against known spin-or
splittings.16 To put the N emission and absorption spectra
a binding-energy scale, we determine the experimen
valence-band maximum~VBM ! by extrapolating the leading
edge of the emission spectrum to zero. Similarly, we
justed the Al SXE and SXA spectra~separately! so that the
Al gap for AlN as derived from theoretical calculations
reproduced. There is thus more uncertainty in the ene
scale of the Al spectra than for the N spectra.
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III. RESULTS AND DISCUSSION

A. Valence- and conduction-band partial density of states
for pure AlN

Figure 1 ~top panel! presents the SXE and SXA spect
for N 2p states in pure AlN. Also presented in Fig. 1~bottom
panel! are the results of a first-principles orthogonaliz
linear-combination of atomic orbitals calculation in the loca
density approximation of the N 2p PDOS in AlN.10 Figure 2
presents equivalent data for the Al 3p states. The theoretica
PDOS was first convoluted by Lorentzians to simulate co
hole lifetime broadening and then convoluted by Gaussi
to simulate the instrumental broadening. The overall agr
ment between the measured and calculated PDOS is q
good. SXE and SXA results for pure GaN were presen
earlier, and that data also agreed well with N 2p PDOS
calculated in the same manner.16 The absorption spectra
shown in Figs. 1 and 2 were taken with the incident pho
beam at an angle of incidence of 45°. The experimental
cupied bandwidths are found to be somewhat larger than
theoretical ones.10 Partly, this apparent discrepancy is due
lifetime and instrumental broadening, which are on the or
of 0.4 and 0.8 eV, respectively. However, valence-band p
toemission spectroscopy also shows a bandwidth m
larger than such calculations.17,18

B. Soft x-ray emission from AlxGa12xN alloys

1. Band-gap evolution

TheoccupiedN 2p states of the AlxGa12xN alloy system
was systematically studied by recording NK-emission spec-

FIG. 1. Comparison of experimental NK-emission and
-absorption spectra from pure AlN~upper panel! with a broadened
PDOS from Ref. 10~lower panel!. Note that empty and filled DOS
are scaled separately. The energy scale is relative to the experi
tally determined valence-band maximum~VBM !. See text for de-
tails.
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tra. Figure 3 presents a series of SXE spectra where
incident photon energy was set above the adsorption e
nominally at 405 eV. These spectra have not been shifte
aligned in energy in any way, but instead of plotting t
spectra relative to the VBM of each alloy, the spectra
each referenced to the AlN VBM as determined from thex
51 spectrum. A significant narrowing of the AlxGa12xN
valence band with increasing Al concentration is clearly v
ible. The binding energy of the bottom of the valence ba

FIG. 2. Similar to Fig. 1, but for AlK emission and absorption
from pure AlN. See text.

FIG. 3. N K-emission spectra from AlxGa12xN (0<x<1).
Only the valence-band emission is shown. The spectra are
shifted in energy, but plotted relative to the binding energy of
VBM of pure AlN (x51). The dashed lines indicate the motion
the top and bottom of the valence band, and are guides to the
he
e,
or

e

-
d

remains almost constant, shifting upwards by approxima
0.25 eV, while the top of the valence band moves linea
upwards by 1.4 eV. Technically, it is only the motion of
2p PDOS that is measured, but since N 2p states dominate
the valence band, this is a good measure of the motion of
entire valence band. The experimental behavior of the VB
with Al concentration is plotted in Fig. 4. Theoretically, th
behavior of the gap in such an alloy system may be descr
by the following formula:19

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, anb
is the bowing parameter. Early optical studies gave wid
variable values ofb ranging from approximately11.0 eV
~Refs. 20 and 21! through b50 eV ~Ref. 22! to approxi-
matelyb520.8 eV.23 However, a comprehensive recent o
tical absorption study of high-quality AlxGa12xN films found
b50 eV.24 Our data indicate that, within experimental erro
the VBM varies linearly withx, and that the band gap open
symmetrically. The former is consistent with a value ofb
50 eV. The latter conclusion comes from the observat
that the difference in the bulk band gaps of AlN and GaN
2.8 eV, and our linear VBM motion is 1.4 eV.

2. Hybridization ofN 2p and Ga 3d-states inAl xGa12xN

In our recent study of pure GaN we attributed a very we
feature observed at 19 eV below the VBM in the NK emis-
sion to hybridization between N 2p and Ga 3d states.16 The
lack of strict orbital selectivity in photoemission spectro
copy means that such hybrid states cannot be studied u
photoemission. By contrast, SXE obeys quite stringent
pole selection rules. Therefore, the NK-emission spectrum
will reflect the 2p states of our nitride samples. Dipole
forbidden 2s-1s transitions are extremely unlikely. How
ever, the poor signal to noise ratio in our original measu
ment called for a more extensive investigation that co

ot
e

ye.

FIG. 4. Data points indicate the position of the experimenta
determined VBM for the N 2p PDOS in AlxGa12xN as a function
of x. The straight line is the predicted position if the bowing p
rameterb is zero. See text for details.
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conclusively identify this emission as being due to hyb
states. The outcome of such a study is of significant inte
since it promises that SXE can be widely applied as a pr
of hybrid states.

Figure 5 displays the Al-concentration dependence of
hybridization peak that occurs at about 19 eV below the
of the valence band of pure GaN.~Note that here the spectr
are plotted relative to the GaN VBM!. Within the statistical
accuracy of the spectra, no shift of the energy position of
peak with Al concentration is observed. Clearly, the intens
of this feature decreases with decreasing Ga content.
AlN ~top curve in Fig. 5! has no Ga 3d states, and thus th
feature disappears. Moreover, the spectral width of this p
is rather small~resonantlike! whereas the N 2s states of GaN
have been shown by photoemission to be quite broad
energy.25 These findings prove conclusively that this is i
deed a hybridization phenomenon and not a signature
dipole-forbidden 2s-1s transitions. Preliminary results from
InxGa12xN alloys that have 4d states at a similar energy t
the Ga 3d, indicate that similar hybridization-features a
visible.

C. Angle dependent x-ray absorption spectra of AlxGa12xN

When comparing the unoccupied PDOS with absorpt
measurements, it is important to realize that polarization
fects can play an important role. The transition matrix e
ment M in the x-ray absorption process contains the sca
product of polarization vector of the incoming photone and
the position vector of the electronr ,

M5^f1sue–r uf f&,

wherew1s is the wave function of a N 1s electron andw f is
the wave function of the final state into which the 1s electron

FIG. 5. NK-emission spectra from AlxGa12xN (0<x<1). This
is the same data as in Fig. 3, but the emission above and below
valence band is shown. Note the emission at 19 eV below the G
VBM. This peak gets weaker and disappears as the Ga conte
reduced. It originates from N 2p states hybridized with Ga 3d
states.
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is excited.9 The dipole transition operatore•r projects out
the orbitals along direction of the polarization vector. Th
orbital-symmetry dependent absorption spectra are obta
when using linearly polarized synchrotron radiation. T
wurtzite ~hexagonal! films under consideration here ar
grown on basel plane sapphire, and thus thec axis coincides
with the film normal. Consequently, thepz or out-of-plane
orbitals are preferentially excited atK edges whene'c.
Similarly, thepx,y or in-plane orbitals are preferentially ex
cited wheneic. Such effects have been reported earlier
Lawniczak-Jablonskaet al. for N K absorption in the binary
III-nitrides AlN, GaN, and InN.26

In Fig. 6 we show angle-dependent Nand Al K absorp-
tion spectra for Al0.5Ga0.5N, pure AlN~Al K, N K!, and pure
GaN ~only N K!. The SXA spectra clearly exhibit significan
variation with angle for all Al concentrations. The solid line
represent the situation ofe'c, i.e., normal incidence, and th
dashed lines represent the approximately situation wheneic,
i.e., grazing incidence. In Fig. 7 we present a full series
normal incidence NK-absorption spectra for the indicate
values ofx from 0 to 1. These show that increasing the
content~bottom to top! leads to sharper spectral features,
indication of an increase in N 2p state localization. This is
consistent with the decreased atomic radius in AlN. Ho
ever, the theoretical DOS from the calculation of Xu a
Ching does not reproduce this effect.10 Note that the onset o
the N K absorption does not change significantly over t
entire range of Al concentration. Our SXE data indicate t
the band gap opens up symmetrically such that both
valence-band maximum and conduction-band minim
should exhibit the same magnitude shift in energy. Thu

the
N
is

FIG. 6. Unoccupied N PDOS in AlxGa12xN as measured by
SXA ~N K absorption!. These spectra are taken in normal inciden
mode. Photon energies are as read from the monochrometer an
nominal. Spectra have not been energy shifted. See text.
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shift of 1.4 eV is expected for the onset of the SXA spec
between AlN and GaN. The absence of a shift in the abso
tion spectra despite the change in the band gap remains
explained. One possibility is that it is an effect of core-ho
distortions of the atomic potential on the final state of t
x-ray absorption process. The difference in core-hole scre
ing efficiency due to a change in the band gap can certa
alter the onset energy but this would favor an even lar
difference, rather than no change in onset. A further po
bility is that this observation is due to core-hole exciton
fects. However, in view of the good agreement between
theoretical N 2p PDOS and the x-ray absorption spec
~Fig. 1!, this is thought unlikely. A further possibility is tha
this is due to the chemical shift of the N 1s state binding
energy between AlN and GaN.

The orientation dependence in NK absorption~Fig. 6! for
the AlxGa12xN alloys reveals that the grazing incidence g
ometry spectra have less pronounced and weaker fea
than those for normal incidence. This is consistent with
crystal structure, i.e., stronger in-plane and weaker out
plane bonding. The spectra were normalized to have e
intensity before the edge and far above the conduction b
Some caution must be taken for effects of saturation
tend to reduce the apparent contrast between background
the genuine spectral features. We note, however, that
behavior of the anisotropy is very similar for all Al conce
trations. The main part of the conduction band is ab
12–14 eV wide, and we identify four pronounced featu

FIG. 7. Polarization effects on SXA spectra in AlxGa12xN. The
top panel shows NK-absorption spectra forx50, 0.5, and 1.0. The
bottom panel shows AlK absorption forx50.5 and 1.0. Spectra
taken with the incident photons in both normal incidence~solid
line! and grazing incidence~dashed line! are shown.
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~denoteda–d!; AlN shows an extra feature~marked with an
asterisk in Fig. 6! that appears betweenb and c. The N
K-absorption spectra for GaN and Al0.5Ga0.5N are very simi-
lar in that we find that in-plane character is strongest at
ergies around 5 eV~featureb!. The influence of the Al in
Al0.5Ga0.5N is manifested by the small shift to higher ene
gies of the out-of-plane component of featureb. It is inter-
esting to note that not only the intensity but also the energ
of the orbitals vary slightly depending on the angle of in
dence of the radiation. This is most evident for featureb in
Al0.5Ga0.5N and AlN where the out-of-plane orbital has
slightly higher energy than its in-plane counterpart.

The Al K-absorption spectra for Al0.5Ga0.5N and AlN in
Fig. 6 were taken at much lower resolution, approximat
1.5 eV. The spectra are quite similar to each other, indica
little interaction between Ga and Al sites in the alloys. T
dependence of the AlK-absorption spectra on the polariz
tion of the incident radiation is much stronger than for the
K-absorption spectra, especially above 4 eV. The co
sponding antibonding orbitals have almost purely in-pla
orientation. Featurec at about 9 eV is dominant in the nor
mal incidence spectrum but has completely vanished in
grazing incidence spectrum whereeic.

IV. SUMMARY AND CONCLUSIONS

We have studied the electronic structure of t
Al xGa12xN alloy system using soft x-ray absorption an
emission spectroscopy. We interpret both types of spectr
terms of the partial density of states. Comparison to anab
initio calculation shows good agreement. The narrowing
the valence band with increasing Al content is found to ta
place almost entirely at the top of the valence band, with
bottom of the valence band remaining essentially fixed. T
spectral features and the width of the NK- and Al
K-absorption spectra show good correspondence to the s
tures in the unoccupied PDOS. However, we find that th
is strong anisotropy in the unoccupied N 2p and Al 2p states
that need to be taken into account when comparing to
PDOS. The effect of the change in the band gap with vary
Al content was observed in NK-emission spectra. We est
mate from these spectra that the bowing parameterb for
Al xGa12xN is zero. Finally, a sharp emission feature at
eV below the GaN valence-band maximum was proved
originate from N 2p states hybridizing resonantly with G
3d states.
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