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Bulk and surface electronic properties of Si-doped InN are investigated using high-resolution x-ray photo-
emission spectroscopy, optical absorption spectroscopy, and quasiparticle corrected density functional theory
calculations. The branch point energy in InN is experimentally determined to lie 1.83±0.10 eV above the
valence-band maximum. This high position relative to the band edges is used to explain the extreme funda-
mental electronic properties of the material. Far from being anomalous, these properties are reconciled within
chemical trends of common-cation and common-anion semiconductors.
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I. INTRODUCTION

Indium nitride �InN� remains one of the least understood
of the III-V semiconductor systems, despite considerable re-
cent research in this area.1,2 The material presents enormous
potential for device applications ranging from terahertz
emission3 to chemical sensing4 and high-efficiency radiation-
hard solar cells.5 However, InN has a number of striking
fundamental properties. In particular, InN is known to ex-
hibit electron accumulation at its surface,6,7 which is much
more extreme than in InAs,8,9 the only other III-V material in
which this phenomenon has been observed. Electron accu-
mulation is also present at the surface of p-type InN, result-
ing in the formation of a surface inversion layer2 which
masks the bulk p-type conductivity. Additionally, InN has a
propensity for high n-type conductivity,10 with nominally un-
doped material typically having carrier concentrations in the
range 1017–1021 cm−3. Possible implementation of device
applications relies upon a significantly improved understand-
ing and ability to control these material properties.

The branch point energy, which constitutes a charge neu-
trality level for the semiconductor and is thought to be uni-
versal on an absolute energy scale,11 marks the energy where
surface states change their character from predominantly do-
nor type �below� to predominantly acceptor type �above�.12

Additionally, within the amphoteric defect model �ADM�,13

it marks the energy at which the formation of donor �below�
or acceptor �above� native defects becomes favorable. More
generally, the branch point determines the favorable charge
state of all gap states including surface states, metal- and
interface-induced gap states, and defect-induced gap states.
Thus, its position relative to the band edges in the material is
crucial in determining fundamental bulk and surface elec-
tronic properties such as surface space charge characteristics,
doping limits, and metal/semiconductor contact characteris-
tics.

This paper reports an investigation into the branch point
energy in InN by studies of Si-doped InN samples �and an

undoped reference sample� using a combination of high-
resolution x-ray photoemission spectroscopy �XPS�, optical
absorption spectroscopy �OAS�, and theoretical calculations
employing quasiparticle corrected density functional theory
�QPC-DFT�. Its extreme location, determined as lying
1.83±0.10 eV above the valence-band maximum �VBM�, is
rationalized within chemical trends.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The InN samples were grown on c-plane sapphire sub-
strates by plasma-assisted molecular-beam epitaxy. Details of
the growth are reported elsewhere.14 The InN layer thick-
nesses ranged from 250 to 2000 nm and the growth tempera-
ture was �480 °C. The carrier concentrations and mobilities
�from single-field Hall effect measurements� vary from 2.0
�1018 to 6.6�1020 cm−3 and 1100 to 38 cm2 V−1 s−1, re-
spectively. All except the lowest carrier concentration sample
were doped with Si.

The XPS measurements were performed using a Scienta
ESCA300 spectrometer at the National Centre for Electron
Spectroscopy and Surface Analysis, Daresbury Laboratory,
UK. x rays, of energy h�=1486.6 eV, were produced using a
monochromated rotating anode Al K� x-ray source. The
ejected photoelectrons were analyzed by a 300 mm mean
radius spherical-sector electron energy analyzer 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 given
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. The optical
absorption measurements were performed using a Perkin-
Elmer Lambda 25 UV-visible spectrometer and a Perkin-
Elmer Spectrum GX Fourier transform infrared spectrometer
for energies above and below 1.2 eV, respectively.
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The QPC-DFT calculations were performed using the hy-
brid functional HSE03 for exchange and correlation.15 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 density of states by a G0W0
correction of the HSE eigenvalues. Details of the calcula-
tions are reported elsewhere.16 For comparison with the ex-
perimental results, the QPC-DFT density of states is broad-
ened 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.

III. RESULTS AND ANALYSIS

The carrier concentration, from single-field Hall effect
measurements, increases with increasing Si-cell temperature
during growth, indicating that Si is being incorporated into
the InN host and is electrically active, acting as a donor. This
is confirmed by XPS measurements of the Si 2p core-level
peak �not shown�, which increases in intensity with increas-
ing carrier concentration. Additionally, the binding energy of
the peak ��102 eV� is indicative of Si-N bonding17 �the
peak is chemically shifted from its elemental position in Si
of �99 eV�, confirming that the Si preferentially occupies
the In site, therefore acting as a donor.

XPS was employed to determine the pinning position of
the surface Fermi level as a function of bulk carrier concen-
tration; the leading edges of the valence-band photoemission
spectra are shown in Fig. 1�a�. Increasing the doping shifts
the leading edge of the valence-band photoemission to
higher binding energies, indicating an increase in the VBM
to Fermi level separation at the surface. The surface Fermi
level position can be obtained by extrapolating the leading
edge of the valence-band photoemission to the baseline in
order to take account of the finite resolution of the
spectrometer.18 The values determined in this way are shown
in Fig. 1�b�, revealing a stabilization of the surface Fermi
level at 1.83±0.10 eV above the VBM with increasing dop-
ing.

For low bulk doping levels in the presence of significant
band bending, this method of analysis is known to underes-
timate the VBM to surface Fermi level separation.19 The high
energy of the incident photons in XPS measurements allows
accurate comparison between the valence-band photoemis-
sion spectra and theoretical calculations of the valence-band
density of states �VB-DOS�.20 As an alternative method of
analysis, the valence-band photoemission spectra can be
compared to theoretical calculations of the VB-DOS, and the
shift of energy between the lowest energy peak in the VB-
DOS �with the VBM defined at 0 eV� and the corresponding
peak in the XPS spectra gives the VBM to surface Fermi
level separation. The valence-band XPS spectra are shown,
compared to the QPC-DFT VB-DOS, in Fig. 2�a�.

The VBM to surface Fermi level separation determined
by this method is shown in Fig. 3�a�. For the lowest carrier
concentration sample, the Fermi level is pinned somewhat
higher at the surface than was determined using the linear
extrapolation method due to the significant downward band

bending present and the finite escape depth of
photoelectrons.19 The surface Fermi level positions for the
higher carrier concentration samples agree within experimen-
tal error between the two methods of analysis. For the two
lowest carrier concentration samples, this analysis reveals
that the surface Fermi level is virtually static with increasing
carrier concentration. Further increase in carrier concentra-
tion again reveals an increase and then saturation in the sur-
face Fermi level position.

Additionally, OAS spectra �Fig. 2�b�� indicate the effects
of doping on the bulk Fermi level. In the low energy part of
the spectrum, the increase in the absorption with doping is
attributed to an increase in free-carrier absorption. In the
higher energy part of the spectrum, a significant increase in
the absorption edge energy is observed; this is attributed to
the Burstein-Moss �or band-filling� effect,21,22 whereby the
�degenerate� Fermi level shifts to higher energies with in-
creasing doping, represented schematically in the inset of
Fig. 2�b�. Additionally, an exponential Urbach tail is seen
below this absorption edge, and the extent of this tail in-
creases with doping concentration due to the increase in
band-tailing effects.

The bulk Fermi level position can be determined from the
electron concentration in the samples and carrier statistics
calculations. However, due to the very high doping levels
involved, common band structure approximations �such as
the k ·p model� are no longer valid. Consequently, the
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FIG. 1. �Color online� �a� Valence-band photoemission spectra
and �b� corresponding VBM to surface Fermi level separation
evaluated by extrapolating the leading edge of the XPS spectra to
the baseline to account for the finite resolution of the spectrometer.
The solid line is an exponential fit to the data to guide the eye.
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conduction-band dispersion from QPC-DFT calculations has
been employed to determine the bulk Fermi levels from the
carrier concentrations; these are shown in Fig. 3�b�. It should
be noted that the electron concentrations determined from
the single-field Hall effect measurements contain a contribu-
tion from the surface electron accumulation region in addi-
tion to the bulk.23 This introduces a small error in calculation
of the bulk Fermi level based on the single-field Hall effect
concentrations, as represented by the error bars in Fig. 3�b�.

Initially, an increase in carrier concentration leads to a
rapid increase in bulk Fermi level �Fig. 3�b��, although the
rate of this reduces with increasing carrier concentration.
Any difference between the bulk and surface Fermi level
positions must be incorporated via a bending of the bands
relative to the Fermi level �Fig. 3�c��, which tends smoothly
to zero with increasing bulk carrier concentration.

IV. DISCUSSIONS

For a given bulk Fermi level, the surface Fermi level po-
sition is determined by the considerations of charge neutral-

ity. If the surface Fermi level is located below the branch
point, some donor surface states will be unoccupied and
hence positively charged. This surface charge must be bal-
anced by a space charge due to downward band bending,
leading to an increase in the near-surface electron density �an
accumulation layer�.

For nominally undoped �low carrier concentration� InN,
the downward band bending is extreme, resulting in the
observed7 large accumulation of electrons at the surface. For
initial increases in bulk Fermi level, the change in the space
charge can be accommodated by very small shifts in the
surface Fermi level position; the Fermi level is strongly
pinned at the surface. This is seen by the virtually static
position of the surface Fermi level for the two lowest carrier
concentration samples in Fig. 3�a�. However, as the bulk
Fermi level increases further, the reduction in band bending
means that the space charge is no longer sufficient to balance
the surface state charge, causing the Fermi level to move
closer to the branch point at the surface in order that fewer
donor surface states are unoccupied, reducing the surface
state charge. As the bulk Fermi level approaches the branch
point, the surface Fermi level must also therefore approach
the branch point, causing the band bending to tend to zero.

8 6 4 2 08 6 4 2 08 6 4 2 08 6 4 2 0

0.5 1.0 1.5 2.0 2.50.5 1.0 1.5 2.0 2.50.5 1.0 1.5 2.0 2.50.5 1.0 1.5 2.0 2.5

In
te
ns

ity
(a
rb
.u

ni
ts
)

In
te
ns

ity
(a
rb
.u

ni
ts
)

In
te
ns

ity
(a
rb
.u

ni
ts
)

In
te
ns

ity
(a
rb
.u

ni
ts
)

DFT VB-DOSDFT VB-DOSDFT VB-DOSDFT VB-DOS
Broadened DFTBroadened DFTBroadened DFTBroadened DFT

Electron concentration:Electron concentration:Electron concentration:Electron concentration:
2.02.02.02.0××××1010101018181818 cmcmcmcm-3-3-3-3

4.54.54.54.5××××1010101019191919 cmcmcmcm-3-3-3-3

1.31.31.31.3××××1010101020202020 cmcmcmcm-3-3-3-3

4.04.04.04.0××××1010101020202020 cmcmcmcm-3-3-3-3

6.66.66.66.6××××1010101020202020 cmcmcmcm-3-3-3-3

(a)(a)(a)(a)

IncreasingIncreasingIncreasingIncreasing
concentrationconcentrationconcentrationconcentration

Electron concentration:Electron concentration:Electron concentration:Electron concentration:
2.02.02.02.0××××1010101018181818 cmcmcmcm-3-3-3-3

1.31.31.31.3××××1010101020202020 cmcmcmcm-3-3-3-3

6.66.66.66.6××××1010101020202020 cmcmcmcm-3-3-3-3

Energy (eV)Energy (eV)Energy (eV)Energy (eV)

αααα
(a
rb
.u

ni
ts
)

(a
rb
.u

ni
ts
)

(a
rb
.u

ni
ts
)

(a
rb
.u

ni
ts
)

(b)(b)(b)(b)

IncreasingIncreasingIncreasingIncreasing
concentrationconcentrationconcentrationconcentration

IncreasingIncreasingIncreasingIncreasing
concentrationconcentrationconcentrationconcentration

EF

EF

FIG. 2. �Color online� �a� QPC-DFT VB-DOS shown without
�shaded� and with lifetime and instrumental broadening and the
Shirley-background-subtracted valence-band photoemission spec-
tra, offset from the QPC-DFT due to Fermi level shifts, and �b�
optical absorption coefficient � of three samples showing clear
Burstein-Moss shift with change in Fermi level EF represented
schematically in the inset.
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FIG. 3. �Color online� �a� VBM to surface Fermi level EF sepa-
ration determined from the XPS measurements, �b� VBM to bulk
Fermi level separation determined numerically from the
conduction-band dispersion of the QPC-DFT band structure, and �c�
resulting band bending as a function of carrier concentration.
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The stabilization of the Fermi level at the branch point
can be understood within the ADM. When the bulk Fermi
level is well below the branch point, Si preferentially occu-
pies the In site �SiIn

+ �, acting as a donor, and any native de-
fects preferentially have donor character, increasing the bulk
conductivity. As the Fermi level increases, acceptor defects
such as triply charged In vacancies �VIn

3−�, Si on the N site
�SiN

− �, and acceptor-type defect complexes become more fa-
vorable, preventing further increase in Fermi level and acting
to stabilize it at the branch point. In vacancies have previ-
ously been observed to provide partial compensation in Si-
doped InN.24 Additionally, the low measured mobilities �by
the single-field Hall effect� and large Urbach tailing observed
in the most heavily doped samples �Fig. 2�b�� suggest the
presence of significant numbers of compensating native de-
fects and impurities in the material.

Both methods of analysis of the XPS data presented
above reveal a stabilization with heavy doping of the surface
Fermi level at 1.83±0.10 eV: The branch point energy is
therefore determined as lying 1.83±0.10 eV above the
VBM, as illustrated in Fig. 4, slightly above the pinning
position for moderately doped samples. In particular, the lin-
ear extrapolation method of analysis �Fig. 1� allows a direct
experimental determination of the branch point energy with-
out recourse to theoretical calculations or knowledge of the
bulk Fermi level in the samples.

The branch point is located close to the average midgap
energy across the entire Brillouin zone.12 Tersoff25 identified
an appropriate average midgap energy as

E0 �
1

2
�ĒV + ĒC� , �1�

where ĒV=EV− 1
3�so is the position of the “effective”

valence-band maximum in the absence of spin-orbit splitting

and ĒC is the indirect conduction-band minimum. From the
QPC-DFT band structure calculations �Fig. 4�, taking the

conduction-band energy at the A point for ĒC, the branch
point would be expected, from Eq. �1�, to be close to 1.78 eV

above the VBM, in agreement with the measured value.
From Fig. 4, the conduction-band energy at the � point is
significantly lower than the average band-edge across the
Brillouin zone: The branch point in InN therefore lies well
above the conduction-band minimum �CBM�, in contrast to
almost all other III-V semiconductors where the branch point
is located below the CBM. This can be understood within
chemical trends, as discussed in Section V.

The branch point energy determined here also agrees very
well with previous theoretical calculations. Van de Walle and
Neugebauer11 located the branch point at 1.88 eV above the
VBM in InN using ab initio calculations. Additionally,
Green’s functions calculations by Robertson and Falabretti26

give a branch point 1.87 eV above the VBM, and they also
determined a value of 1.88 eV using the theoretical calcula-
tions of Wei and Zunger.27

V. CHEMICAL TRENDS

The unusually high location of the branch point energy
relative to the CBM in InN compared to other III-V semi-
conductors can be explained within chemical trends by con-
sidering the band alignment of the common-anion III-N and
the common-cation In-V compounds, shown in Fig. 5�a�. Ap-
pealing to a simple tight-binding model, the valence �con-
duction� band edge derives mainly from the bonding �anti-
bonding� state of anion and cation p �s� orbitals.32 Due to the
very small energy differences in the cation p orbitals �Fig.
5�b��, the predominant factor in determining the valence-
band edge variation in the III-Ns is the interaction between
the cation d orbitals and the N 2p orbital:33 This p-d repul-
sion pushes the VBM up in GaN and InN �the Ga 3d and
In 4d orbitals are located below the VBM and hybridize with
the N 2s orbital� with respect to AlN. The reduction of the
CBM with increasing cation atomic number results from the
change in cation s-orbital energy coupled with a decrease in
the s-s repulsion strength between the cation and anion s
orbitals with increasing cation-anion bond length �on moving
from AlN to InN�. Similar considerations hold for the
common-cation compounds. The VBM follows the trend of
the anion p orbitals, causing a lowering of the band edge
energy with decreasing anion atomic number. Furthermore,
the spin-orbit splitting �which pushes the VBM upward in
energy� decreases with decreasing anion atomic number. The
movement of the CBM results from the combined effects of
the anion s-orbital energy shifts �Fig. 5�b�� and the change of
s-s coupling with cation-anion bond length and energy sepa-
ration of the In 5s and anion s orbitals. In particular, the very
low position of the CBM in InN results from the low energy
of the N 2s orbital and the large In-N bond length.

The position of InN, lying at the intersection of these
chemical trends, results in its extreme properties, with a nar-
row band gap and CBM located extremely low with respect
to the branch point. This explains the propensity for high
unintentional n-type conductivity in InN: Within the ADM,
when the bulk Fermi level lies below the branch point,
donor-type native defects are most favorable, tending to in-
crease the Fermi level toward the branch point. Conversely,

FIG. 4. �Color online� QPC-DFT band structure across the Bril-
louin zone with the determined branch point EB and surface Fermi
level pinning Epin positions.
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for bulk Fermi levels above the branch point, acceptor-type
native defects have the lower formation energies, tending to
reduce the net electron concentration and lower the Fermi
level toward the branch point. The high branch point energy
relative to the CBM in InN means that unintentional native
defects will preferentially form as donors, generally resulting
in a high unintentional n-type bulk conductivity. These ef-
fects are also responsible for the observed stabilization of the
Fermi level when InN is irradiated with high energy
particles.34

Although the zero temperature InN band gap is now gen-
erally accepted to be �0.7 eV,35 it was previously thought to
be �1.9 eV.36 These early measurements were largely per-
formed by OAS on sputter grown InN samples, which are
likely to contain many native defects driving the Fermi level
toward the branch point. A Burstein-Moss shift to the branch
point energy determined here is an important factor in ex-
plaining these previously observed high optical gap values.

Due to the high location of the branch point relative to the
CBM, the Fermi level at the surface is pinned below the

branch point, resulting in downward band bending and the
observed electron accumulation.7 The position of the branch
point energy is a bulk band structure property, explaining the
universality of the electron accumulation observed at both
polarities of c-plane and at a-plane InN surfaces.37 Addition-
ally, due to the similar surface Fermi level pinning position
in p-type InN,19 intrinsic electron accumulation is also
present in p-type samples,2 resulting in a surface electron
layer separated from the bulk p-type region by a hole deple-
tion layer.

This is very similar to the situation in InAs, where the
branch point is also located above the CBM �Fig. 5�a��, and
electron accumulation �inversion� layers are present at n-type
�p-type� surfaces. However, due to the smaller separation
between the CBM and the branch point energy in InAs than
in InN, the surface state densities are significantly lower in
the former material,7,9 and so the electron accumulation is
less extreme. In contrast, in GaN, for example, the branch
point energy is located significantly below the CBM, and so
the surface Fermi level will tend to be pinned below �above�
the bulk Fermi level for n-type �p-type� material. Conse-
quently, electron �hole� depletion layers are observed at the
surface of n-type �p-type� material.38 A smooth transition
occurs between the space-charge regions of InN and GaN for
both n- and p-type bulk conductivities.19,39

Far from being anomalous, therefore, the fundamental
electronic properties of InN are governed by the same over-
riding mechanism as in other semiconductors, namely, the
position of the band edges relative to the branch point en-
ergy. The extreme nature of InN can be rationalized by the
high branch point energy relative to the band edges. This
position follows from the chemical trends of common-cation
and common-anion semiconductors.

VI. CONCLUSIONS

In conclusion, we have shown that the branch point en-
ergy in InN is located 1.83±0.10 eV above the valence-band
maximum, well above the �-point conduction-band mini-
mum in InN. This was determined directly from experimen-
tal energy measurements �from x-ray photoemission spec-
troscopy� of the surface Fermi level position stabilized at the
branch point by heavy Si doping and confirmed using a com-
bination of photoemission measurements and quasiparticle
corrected density functional theory calculations.

Many of the fundamental properties of the material which
are often considered unusual, such as an extreme electron
accumulation at the surface, inversion layer formation at the
surface of p-type material, and the propensity for high unin-
tentional n-type conductivity, were explained by the position
of the branch point energy relative to the band edges. Far
from being anomalous, these properties and the location of
the branch point significantly above the �-point CBM were
explained within chemical trends of the common-cation and
common-anion III-V semiconductors.
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conductors determined from experimentally measured valence-band
offsets �Refs. 28 and 29� and experimentally �this study� and theo-
retically �Ref. 30� determined values of the branch point energy
position. �b� The locations of the constituent atom orbital energies,
taken from Wei et al. �Ref. 31�, and anion-cation state coupling
explain the chemical trends in the band offsets.
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