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spectroscopy and first-principles calculations

P. D. C. King, T. D. Veal, and C. F. McConville™®
Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom

F. Fuchs, J. Furthmiiller, and F. Bechstedt

Institut fiir Festkorpertheorie und -Optik, Friedrich-Schiller-Universitit, Max-Wien-Platz 1, D-07743 Jena, Germany

J. Schormann, D. J. As, and K. Lischka
Department Physik, Universitit Paderborn, Warburger Strasse 100, 33098 Paderborn, Germany

Hai Lu® and W. J. Schaff
Department of Electrical and Computer Engineering, Cornell University, Ithaca, New York 14853, USA
(Received 17 January 2008; published 26 March 2008)

The valence band density of states (VB-DOS) of zinc-blende InN(001) is investigated using a combination
of high-resolution x-ray photoemission spectroscopy and quasiparticle corrected density functional theory. The
zinc-blende VB-DOS can be characterized by three main regions: a plateau region after the initial rise in the
DOS, followed by a shoulder on this region and a second narrow but intense peak, similar to other III-V and
II-VI semiconductor compounds. Good general agreement was observed between the experimental and theo-
retical results. Tentative evidence for an s-d coupling due to the interaction between valence-like N 2s states
and semicore-like In 4d states is also identified. Measurements and calculations for wurtzite InN(1120) are
shown to yield a VB-DOS similar to that of zinc-blende InN, although the nonzero crystal field and different
Brillouin zone shape in this case lead to a more complicated band structure which modifies the DOS. In

adlayers terminating the InN(1120) surface are also evident in the experimental VB-DOS, and these are

discussed.
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I. INTRODUCTION

Indium nitride (InN) remains the least understood semi-
conductor of the group-III nitride material system, although
it has been intensely investigated in recent years, largely due
to its narrow band gap'? and excellent predicted transport
characteristics.’> While the thermodynamically stable phase is
the wurtzite 2H polymorph* (wz-InN), judicious choice of
substrate material and orientation allows growth of the zinc-
blende 3C polymorph (zb-InN).>-8 It is thought that zb-InN
may be preferable for potential device applications due to the
smaller predicted band gap* and higher degree of symmetry,
removing the anisotropy present in wurtzite structures and
hence reducing phonon scattering, although structural quality
is unlikely to be as high as for wz-InN.

The electronic structure of zb-InN has previously been the
subject of a number of theoretical investigations,**~1? but
limitations in growth quality of single-crystal zb-InN
samples have largely prevented detailed experimental elec-
tronic studies. Recently, however, growth of zb-InN on
3C-SiC(001) substrates incorporating a zb-GaN buffer layer
was reported with only 5% wurtzite inclusions and zb-
InN(002) x-ray rocking curve widths of less than
50 arc min.” From photoluminescence spectra, a low tem-
perature band gap of 0.61 eV (Ref. 7) was estimated for
zb-InN, somewhat lower than for wz-InN (Ref. 2) and con-
sistent with previous theoretical predictions,* providing some
justification of the theoretical calculations. Detailed experi-
mental studies of the electronic structure are still, however,
somewhat lacking.
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X-ray photoemission spectroscopy (XPS) has been shown
to yield valence band spectra that closely resemble the total
valence band density of states (VB-DOS) for many III-V and
I1I-VI compounds,'®!* including wz-InN(0001)," due to the
high energy of the incident photons utilized in the measure-
ments. This results in an approximately flat final density of
states for excitation of photoelectrons, allowing the
k-selection rule to be fulfilled without the introduction of
additional structure due to final state modulations.

Here, this technique is applied to determine the VB-DOS
of zb-InN, and this is compared with theoretical calculations
employing quasiparticle corrected density functional theory
(QPC-DFT) and with the VB-DOS of wz-InN.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The zb-InN(001) was grown by plasma assisted molecular
beam epitaxy (PAMBE) at a growth temperature of ~420 °C
on a 3C-SiC(001) substrate incorporating a zb-GaN buffer
layer. The InN layer thickness is ~80 nm, and is estimated to
be 95% cubic phase. Details of the growth are reported
elsewhere.” The wz-InN(1120) (a-plane) was grown by
PAMBE at a growth temperature of ~470 °C on an r-plane
(1102) sapphire substrate incorporating an AIN buffer layer.
The InN layer thickness is ~2600 nm.

High-resolution XPS measurements were performed us-
ing a Scienta ESCA300 spectrometer at the National Centre
for Electron Spectroscopy and Surface Analysis, Daresbury
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FIG. 1. (Color online) Shirley-background-subtracted In 3ds),,
N 1s, and O 1s zb-InN XPS core-level spectra, normalized to the In
peak intensity, before (solid line) and after (dashed line) surface
preparation by AHC as described in the text. The binding energy
scale is given with respect to the VBM.

Laboratory, UK. X-rays, of energy hv=1486.6 eV, were pro-
duced using a monochromated rotating anode Al Ka x-ray
source. The ejected photoelectrons were analyzed by a
300 mm mean radius spherical-sector electron energy ana-
lyzer with 0.8 mm slits at a pass energy of 150 eV. The
effective instrumental resolution is 0.45 eV, derived from the
Gaussian convolution of the analyzer broadening and the
natural linewidth of the x-ray source (0.27 eV). The binding
energy scale is measured with respect to the Fermi level and
was calibrated using the Fermi edge of an ion-bombarded
silver reference sample that is regularly used to calibrate the
spectrometer. A sample-dependent shift was subsequently ap-
plied to define the zero of the binding energy scale as the
valence band maximum (VBM) in all cases.

The DFT calculations were performed using the hybrid
functional HSEO3 for exchange and correlation.!® The
electron-ion interaction was treated in the framework of the
projector-augmented wave method, taking into account the
In 4d electrons as valence states. Quasiparticle effects were
included in the calculation of the DOS by a GyW, correction
of the generalized Kohn-Sham eigenvalues. Details of the
calculations are reported elsewhere.!” For comparison with
the experimental results, the QPC-DFT DOS is broadened by
a 0.2 eV full width at half maximum (FWHM) Lorentzian
and a 0.45 eV FWHM Gaussian to account for lifetime and
instrumental broadening, respectively.

InN surface preparation was performed under ultrahigh
vacuum, in a preparation chamber connected to the XPS
analysis chamber, using atomic hydrogen cleaning (AHC)
which has previously been shown to clean InN surfaces with-
out introducing electronic damage.!® The sample was an-
nealed at 200 °C under exposure to a 10 kL (1 L=107°
Torr s) dose of molecular hydrogen passed through a thermal
gas cracker with a cracking efficiency of approximately 50%,
followed by a 1 h anneal at 275 °C. Core-level XPS mea-
surements were taken before and after the AHC procedure,
and are shown for the zb-InN in Fig. 1. Before treatment, a
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FIG. 2. (Color online) (a) Shirley-background-subtracted va-
lence band photoemission spectrum and QPC-DFT VB-DOS shown
without (shaded) and with lifetime and instrumental broadening for
zb-InN. The main features in the VB-DOS are identified after Ley et
al. (Ref. 14). The measured valence band photoemission is rigidly
shifted to lower energies by 1.38 eV to align the VBM at 0 eV
binding energy as for the calculations. The XPS and QPC-DFT
spectra are normalized to the plateau PIZB intensity. The correspond-
ing QPC-DFT valence band structure for zb-InN is shown in (b),
with high symmetry points denoted using double group symmetry
notation.

large O signal is observed, with a corresponding significant
oxide component in the In and N core-level peaks chemically
shifted to higher binding energies. The surface oxide is seen
to be substantially reduced with AHC treatment. Similar re-
sults were obtained for the wz-InN sample.

II1. RESULTS

Valence band photoemission from zb-InN(001) is shown
in Fig. 2(a) after a Shirley background has been subtracted.
Also shown are QPC-DFT VB-DOS calculations with and
without lifetime and instrumental broadening. The surface
Fermi level (zero of the binding energy scale in the measured
XPS spectra) has been observed to be pinned 1.38 =0.10 eV
above the VBM.' In contrast, the zero of energy is defined
as the VBM in the QPC-DFT calculations. To allow accurate
comparison between the experimental and theoretical results,
the valence band photoemission spectrum has been shifted to
lower energies by 1.38 eV to define the zero of the binding
energy scale as the VBM for both the experimental and the-
oretical spectra.

The VB-DOS can be characterized by three main features:
a plateau, a peak at slightly higher binding energies than the
plateau, and a separate peak at higher binding energies still
(marked PIZB, SIZB, and PIZIB in Fig. 2, respectively). The un-
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In4d XPS peak and QPC-DFT
DOS calculations shown without
(shaded) and with lifetime and in-
strumental broadening for (a) zb-
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derlying mechanisms giving rise to these features will be
discussed in Sec. IV. When lifetime and instrumental broad-
ening are included, the peak SlZB becomes a shoulder on the
plateau region. The experimental and theoretical VB-DOS
show good agreement. In particular, the plateau PIZB and the
shoulder SIZB occur at the same energies and very similar
relative intensities in the XPS and QPC-DFT spectra. The
peak PIZIB occurs at slightly lower binding energies in the
XPS than in the QPC-DFT spectra, and also at a slightly
lower intensity but larger width.

The presence of these three main regions in the VB-DOS
is consistent with the observations of valence band features
in many III-V semiconductors by Ley et al.'* They also ob-
served a peak at higher binding energies, Py; however, in the
present case, this is complicated by the relative location of
the In 4d and N 2s levels. This region is shown in Fig. 3(a).
The agreement between the QPC-DFT DOS calculations and
the XPS spectrum is less good in this region, both in terms of
the energy position of the main peak and the width of the
features (the experimental spectrum occurs at higher binding
energies and with much larger width than the QPC-DFT cal-
culations). However, this feature contains both VB-DOS
characteristics and also shallow core-level characteristics,
and this will be discussed in further detail in Sec. IV.

For comparison, valence band photoemission from

wz-InN(1120) is shown in Fig. 4(a), again after a Shirley
background has been subtracted. The surface Fermi level has
been seen to be pinned 1.53*0.10 eV above the VBM for
wz-InN'; this shift has, therefore, been applied to the mea-
sured valence photoemission to align the XPS and QPC-DFT
spectra as for the zb-InN.

Again, three main features are observed in the VB-DOS:
two peaks (P)'# and P/ in Fig. 4) and a shoulder (S}'* in
Fig. 4) on peak P}NZ, similar to the zb-InN and, more gener-
ally, to many other III-V semiconductors.'* Comparison be-

tended intensity range.

tween the XPS and QPC-DFT spectra again reveals good
general agreement, although peak P}}‘/Z and the shoulder S}VZ
occur at slightly lower binding energies in the XPS than in
the QPC-DFT spectra. The intensity ratio of the two peaks
(P)* and PJ[?) is similar between the XPS and QPC-DFT.
This intensity ratio is known to vary between XPS measure-
ments performed on different surface orientations of
wz-InN.2%2! The agreement here suggests that the nonpolar
a-plane InN sample considered here most accurately repre-
sents the bulk VB-DOS.

The P%Z region in the DOS is shown for wz-InN in Fig.
3(c). Again, the agreement between the QPC-DFT DOS cal-
culations and the XPS spectrum is less good than at lower
binding energies, with the experimental spectrum occurring
at slightly higher binding energies and with much larger
width than the QPC-DFT calculations, although the agree-
ment is better than for zb-InN.

IV. DISCUSSION

The features of the zb-InN VB-DOS [Fig. 2(a)] can be
understood from the calculated valence band structure [Fig.
2(b)]. In the zinc-blende structure, the atoms are tetrahedrally
bonded with eight valence electrons per unit cell. In a simple
tight-binding picture, these form four doubly spin-degenerate
bands of p-orbital character (the three highest bands) and of
s-orbital character. The I'5 point marks the VBM where the
three p bands are degenerate, neglecting spin-orbit splitting.
Including the spin-orbit interaction splits the bands into a
fourfold (including spin) degenerate band and a twofold de-
generate band with I'y and I'; symmetry, respectively. How-
ever, the spin-orbit splitting is very small in InN,?? and so
will not be considered here. I'|5 therefore corresponds to the
onset of the VB-DOS intensity, at 0 eV in the QPC-DFT
calculations.
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FIG. 4. (Color online) (a) Shirley-background-subtracted va-
lence band photoemission spectrum and QPC-DFT VB-DOS shown
without (shaded) and with lifetime and instrumental broadening for
wz-InN. The main features in the VB-DOS are identified after Ley
et al. (Ref. 14). The measured valence band photoemission is rig-
idly shifted to lower energies by 1.53 eV to align the VBM at 0 eV
binding energy as for the calculations. The XPS and QPC-DFT
spectra are normalized to the peak P}VZ intensity. The corresponding
QPC-DFT valence band structure for wz-InN is shown in (b). High
symmetry points are denoted using double group symmetry nota-
tion, although the symmetry point label has been dropped for clarity
of presentation. Therefore, for example, at the valence band maxi-
mum, the label 6 denotes I’y symmetry.

The DOS is defined?® as

ds 1

oE (1)

gn(E) = 5.(5) 4? |VEn(k)

where E, is the energy of band n, and S denotes a constant
energy contour. Regions where the bands become flat in k
space, therefore, lead to a large density of states, and in
particular, critical points in the band structure such that
|[VE|=0 cause van Hove singularities in the DOS.

Due to the relatively flat nature of the bands around I';s,
the DOS rises rapidly below the VBM, peaking around the
critical point L;. However, between this point and X5, the
bands are approximately linear in k, leading to a rather con-
stant DOS and the plateau observed (PZ®). A peak associated
with X5 is often observed in the DOS,'* and indeed can be
seen here in the unbroadened QPC-DFT calculations. How-
ever, this is not resolvable after broadening has been applied
to the QPC-DFT or, consequently, in the photoemission spec-
tra where the broadening is inherent. The peak SIZB arises
from the turning points in the band structure around K, and
is broadened into a shoulder on the peak PIZB. The good
agreement between the features P/® and S“® in the broad-
ened QPC-DFT and photoemission DOS results indicates the

PHYSICAL REVIEW B 77, 115213 (2008)

- S
T JLT
T + T T
p]
— - =
n
=
c .
=
s T .
pet
«© 7
~ T T T T T
= [ d]
(2]
e F .
Q
=
€ r .

16 . 12 . 8 . 4 . 0
Energy below VBM (eV)

FIG. 5. s, p, and d resolved and total VB-DOS from QPC-DFT
calculations for zb-InN.

accuracy of the valence band calculations within ~4 eV of
the VBM. The QPC-DFT VB-DOS calculations can be re-
solved into s-, p-, and d-orbital components, and these are
shown in Fig. 5. Clearly, the DOS in this <4 eV region is
almost entirely p-orbital-like, as expected from simple tight-
binding arguments.

The points X3, Wy, and K; are almost degenerate in the
band structure. An intense but narrow peak, therefore, results
in the DOS (PIZIB). This is considerably reduced in intensity
and increased in width by lifetime and instrumental broaden-
ing. The experimental peak occurs at slightly lower binding
energies than in the QPC-DFT DOS, suggesting that X5, W/,
and K, occur at slightly too high binding energies in the
calculations. It should be noted that in the XPS measure-
ments discussed so far, final state relaxations have been ig-
nored. Such effects can cause features to shift toward the
VBM.'* However, it is unlikely to be a large effect for these
binding energies, as the bands here do not have significant
core-like character. The peak P%® is also broader in the ex-
perimental spectrum than in the (broadened) theoretical cal-
culations. Lifetime broadening is known to increase with in-
creasing binding energy.'* This has not been included in the
broadening applied to the QPC-DFT calculations, and so
may explain the extra broadening observed in peak PIZIB. The
bottom of peak PIZIB is determined in this case by the point L,
which is the lowest point of the third valence band. An ex-
trapolation of the trailing edge of the experimental PIZIB peak
to the baseline to take account of instrumental and lifetime
broadening effects indicates good agreement with the edge of
peak PIZIB in the experimental VB-DOS spectrum with L;.

From tight-binding arguments, the fourth valence band is
expected to be of largely anion (N) s-orbital character, and is
separated from the other three valence bands by an energy
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gap dependent on the ionicity of the semiconductor, the so-
called ionicity gap.'>!# Due to the large electronegativity dif-
ference of In and N, InN has a large ionicity gap; indeed, the
N 2s orbital is located close in energy to the In 4d orbital.>*
At k points away from I', the In 4d orbital and N 2s orbital
symmetries both support the irreducible representation aj,
creating an a;-a, (s-d) repulsion.!® Due to the proximity of
the N 2s and In4d orbital energies, the s-d coupling is
strong, and the s-orbital valence band splits into an upper
(a") and a lower (@) band, with the In 4d band between.'
This is evident in the QPC-DFT band structure in Fig. 3(b).

The In 4d orbitals are somewhat core-like, and so quite
localized in real space. The corresponding bands are, there-
fore, narrow in energy, leading to a narrow and very intense
peak in the DOS (significantly more intense than any of the
valence band features) although it is reduced in intensity by
broadening effects. In the lower split-off band all, the X, K,
L, and W points are almost degenerate in energy, leading to
another sharp and fairly intense peak in the DOS, whereas
the upper band af is more extended. The top of this band
occurs at W, where the s-d repulsion is large, leading to the
onset of intensity in the DOS seen in Fig. 3(a). The s-d
hybridization is, however, symmetry forbidden at I' (Ref. 10)
and so the splitting of the a! and @} bands tends to zero here.
This leads to the rather extended a} band, and hence a broad
peak in the DOS corresponding to this. From the s, p, and d
resolved DOS (Fig. 5), the peak attributed to the In 4d bands
clearly has almost entirely d-like character, consistent with
this explanation. The two peaks in the DOS due to the af and
a) bands have both s- and d-orbital (and a small amount of
p-orbital) character due to their coupled nature.

Comparison of the experimental photoemission spectrum
with the QPC-DFT DOS calculations in this region is com-
plicated by a number of factors. First, as discussed previ-
ously, lifetime broadening increases with increasing binding
energy, which is not accounted for in the broadening of the
QPC-DFT DOS; considerable lifetime broadening has previ-
ously been observed in the anion 2s peak in the DOS of ionic
compounds.'* This likely accounts for some of the extra
broadening observed here in the photoemission compared to
the calculations. Second, the cross section for photoemission
varies with energy, atomic species of the host, and orbital
type, and so this causes variation in the intensity of the fea-
tures from that expected from the QPC-DFT calculations
alone. The cross section for N 2s electrons is significantly
lower than for In 4d electrons, and so the intensity ratio of
the In 4d peak to the all or af peaks would be expected to be
greater in the photoemission than in the QPC-DFT DOS.
This is clearly observable for the a| peak, which occurs at
much lower intensities in the XPS spectrum than in the QPC-
DFT DOS. Third, core-level peaks in XPS spectra of InN are
known to exhibit an asymmetric high-binding-energy tail due
to inelastic losses to conduction band plasmons.? This fur-
ther broadens the high-binding-energy side of the In 4d peak.

QPC-DFT calculations utilizing the HSEO3 hybrid func-
tional are known'” to underestimate the d-band binding en-
ergies in zb-InN; this is evident when comparing the XPS
with the QPC-DFT spectra in this region. This will also lead
(due to the s-d coupling) to small errors in the binding ener-
gies of the DOS features due to the a¥ and @ bands. There is
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an (weak) onset in photoemission intensity at binding ener-
gies below the main In 4d peak. This is attributed to the af
band. The main peak also has a marked asymmetry with a
high-binding-energy tail. This is attributed to the combined
effects of inelastic losses to conduction band plasmons® and
to emission from the al1 band, suggesting the presence of s-d
hybridized bands. The large width and limited resolution,
however, limit the information attainable about this hybrid-
ization.

The wurtzite and zinc-blende structures are both tetrahe-
drally bonded configurations, differing only to third nearest
neighbor. As the environment immediately surrounding each
atom is so similar for the two structures, the VB-DOS for zb-
and wz-InN would be expected to be similar. This is indeed
the case, with the VB-DOS described by peaks P; and Py
with a shoulder S; on peak P; in both cases. The valence
band structure [Fig. 4(b)] is, however, significantly more
complex for the wz than the zb polymorph due to the aniso-
tropic nature of the wurtzite structure, which leads to a non-
zero crystal field splitting, and the differing shapes of the
Brillouin zones for the two structures. The threefold degen-
eracy (neglecting spin) of the valence bands at I is lifted by
the presence of this crystal field, and these split into two
degenerate bands with I'g symmetry which define the VBM,
located above a third band (with I'; symmetry) by an energy
equal to the crystal field splitting. Each of these three bands
is also doubly degenerate due to spin, and including the spin-
orbit interaction lifts the degeneracy of the top two valence
bands. However, as for zb-InN, the small spin-orbit splitting
will not be considered further.

The onset of the VB-DOS, therefore, corresponds to I.
Instead of rising to a plateau (as for zb-InN), the DOS con-
tinues to rise rapidly due to a number of turning points in the
band structure (such as T's, Asg, and M,). The peak P;'*
occurs at the coincidence of the critical points at H3 and in
the L-M direction between L, ; and Mj;. After falling off, the
DOS peaks again (S}VZ) due to the near degeneracy of H| ,
and A, 3, although when lifetime and instrumental broaden-
ing are applied, this is broadened into a shoulder on P;VZ. A
number of turning points in the band structure ~2-3 eV
below the VBM lead to several small peaks in the unbroad-
ened QPC-DFT calculations between P}'# and S}"%, although
these features are very poorly resolved when broadening has
been applied. Some additional intensity is observable in the
XPS spectrum at these binding energies, and this may be due
to these small peaks in the DOS, implying a slight underes-
timation of their intensity in the calculations; however, this is
difficult to confirm.

The second predominant peak, Pﬁ’z, occurs largely due to
the critical points at H; and in the 3 (I'-M) direction be-
tween I'; and M. Both the shoulder S?NZ and peak PYIVZ occur
at slightly lower binding energies in the experimental com-
pared to the theoretical spectra, indicating a slight overesti-
mation of the binding energies of the specified critical points
in the QPC-DFT calculations. The peak P} is also broader
in the experimental than in the theoretical spectra, as for
zb-InN, again indicating the influence of increasing lifetime
broadening with increasing binding energy that has not been
included in broadening the QPC-DFT calculations. From
Fig. 6, it is again clear that the VB-DOS at low binding
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FIG. 6. s, p, and d resolved and total VB-DOS from QPC-DFT
calculations for wz-InN.

energies is almost entirely p like, although with a small ad-
mixture of s-like states around Pﬁ"z, as for the zb-InN VB-
DOS. The edge of peak P;’IVZ is defined by I';. Extrapolating
the trailing edge of the XPS spectrum of peak P}’IVZ to the
baseline gives an energy in agreement with the position of
I';, marking the high-binding-energy onset of peak P}}Jz.

It should be noted that some intensity is present in the
experimental spectrum at binding energies below 'y (below
the onset of the bulk DOS), which extends all the way to the
Fermi level. This can be identified as due to photoemission
from surface In adlayers, which have been theoretically
predicted®® and experimentally observed?*2! to occur as the
energetically favorable surface reconstruction for wz-InN
surfaces under In-rich conditions. These In adlayers give rise
to a surface DOS markedly different from that of the bulk,?’
which has been attributed”’?® as the microscopic origin of
the electron accumulation present at InN surfaces. Due to the
high energy of the incident x-rays in XPS and the corre-
sponding high kinetic energy of ejected photoelectrons, the
photoelectron escape depth is significantly larger than the
surface adlayer region, allowing the features of the bulk DOS
to be clearly identified. These are, however, slightly modified
by the contribution of the surface DOS, as seen by the pho-
toemission below the onset of the bulk DOS and the polarity
dependence of the valence photoemission observed
previously.'%20

The higher binding energy region of the DOS around the
In 4d levels [Fig. 3(c)] is again similar to that of zb-InN. The
narrow In 4d bands give rise to a narrow intense peak in the
DOS, and the s-d hybridization again splits the N 2s-like
level into upper and lower bands, giving peaks in the DOS
above and below the In 4d peaks. The In 4d-like nature of
the central peak and coupled s-d nature of the surrounding
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peaks are confirmed by the s, p, and d resolved DOS (Fig. 6),
similar to that of zb-InN, although there is a slightly higher
admixture of p-like contributions for wz-InN. The energy
alignment of the QPC-DFT and XPS spectra is better in this
case than for the zb-InN, although the d-band binding ener-
gies are still slightly underestimated in the QPC-DFT calcu-
lations. The onset of photoemission at binding energies be-
low the main peak and the extent of the high-binding-energy
tail to the main peak give evidence for an s-d hybridization
in wz-InN also. The experimental peaks are also significantly
broader than the calculated DOS, again suggesting the influ-
ence of the increase in lifetime broadening with increasing
binding energy.

V. CONCLUSIONS

The valence band density of states of zinc-blende
InN(001) has been measured by x-ray photoemission spec-
troscopy. The VB-DOS was characterized by three main re-
gions: a plateau region after the initial rise in the DOS, fol-
lowed by a shoulder on this region and a second narrow but
intense peak. This is consistent with previous investigations
of the VB-DOS of III-V and II-VI semiconductor com-
pounds. The measured VB-DOS was compared to theoretical
calculations performed using density functional theory em-
ploying the hybrid functional HSEO3 for exchange and cor-
relation, and including quasiparticle effects by a GyW,
correction of the generalized Kohn-Sham eigenvalues.
Agreement was observed between the XPS and QPC-DFT
VB-DOS, and the features in the DOS were related to dis-
tinct features in the calculated band structure.

At higher binding energies, an s-d coupling is expected
from the QPC-DFT calculations between the In4d and the
N 2s orbitals, leading to a splitting of the s band (from a
simple tight-binding picture) into upper and lower s-d hy-
bridized bands located around the In 4d bands. The experi-
mental measurements support this conclusion, although sig-
nificant broadening (attributed to an increase in lifetime
broadening with increasing energy), variation in cross sec-
tion for photoemission, and the presence of inelastic loss
features make detailed comparison of the XPS with the QPC-
DFT DOS difficult in this region.

XPS measurements of the wurtzite InN(1120) VB-DOS
and corresponding QPC-DFT calculations were also pre-
sented. The VB-DOS was seen to be similar to that of zb-
InN, consisting of two peaks with a shoulder on the lower
binding energy peak, due to the similarities of the wurtzite
and zinc-blende crystal structures. Spectral intensity above
the valence band maximum was observed, attributed to pho-
toemission from surface metal-adlayer reconstructions. Evi-
dence of s-d splitting was again observed at higher binding
energies.
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