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The variation in surface electronic properties of undoped c-plane InxAl1−xN alloys has been
investigated across the composition range using a combination of high-resolution x-ray
photoemission spectroscopy and single-field Hall effect measurements. For the In-rich alloys,
electron accumulation layers, accompanied by a downward band bending, are present at the surface,
with a decrease to approximately flatband conditions with increasing Al composition. However, for
the Al-rich alloys, the undoped samples were found to be insulating with approximate midgap
pinning of the surface Fermi level observed. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2913765�

The majority of n-type III-V semiconductors investi-
gated to date exhibit a depletion of electrons in the near-
surface region due to the presence of occupied acceptor sur-
face states causing an upward bending of the conduction and
valence bands at the surface. In contrast, however, electron
accumulation layers occur at InN �Refs. 1 and 2� and InAs
�Refs. 3 and 4� surfaces, whereby the Fermi level at the
surface is pinned above that of the bulk, resulting in an in-
crease in the near-surface electron concentration compared to
the bulk value. The overriding mechanism driving this accu-
mulation of electrons is the particularly low energetic posi-
tion of the conduction band minimum �CBM�, well below
the charge neutrality level �CNL� in both materials, resulting
in unoccupied, positively charged donor surface states which
induce a downward bending of the bands and electron accu-
mulation at the surface.4,5 The electron accumulation is still
present at the surface of p-type material, causing an inver-
sion layer to form where an n-type surface region is sepa-
rated from the p-type bulk by a depletion layer.6,7

As electron accumulation is uncommon among III-V
semiconductors, when InN is alloyed with other materials, a
transition from electron accumulation �inversion� to electron
�hole� depletion for n-type �p-type� material would be ex-
pected. This has previously been investigated for n- and
p-InGaN via x-ray photoemission spectroscopy �XPS�,8–10

where such a transition was observed. This was explained by
the CNL lying significantly above the CBM for In-rich al-
loys, but below the CBM for Ga-rich alloys.8–10 The band
lineup relative to the CNL of the III-N semiconductors is
shown in Fig. 1�a�. The CNL lies close to the middle of the
direct band gap in AlN, similar to the situation in GaN, al-
though much further below the CBM. A similar transition
from electron accumulation to depletion may therefore be
expected on moving from In-rich to Al-rich n-InAlN alloys,
motivating the current study. In this letter, high-resolution
XPS is utilized to determine the variation of the surface
Fermi level pinning position for undoped InAlN alloys

across the composition range, and the surface electronic
properties of these alloys are discussed.

Undoped InAlN alloys were grown by plasma-assisted
molecular beam epitaxy on c-plane sapphire substrates incor-
porating AlN buffer layers. The InAlN layer thicknesses
ranged from 190 to 4600 nm. The AlN sample was grown to
a thickness of 1000 nm on a c-plane sapphire substrate by
metal-organic chemical-vapor deposition. Details of the
growth methodologies are reported elsewhere.15–17 The alloy
compositions were determined by x-ray diffraction �XRD�
using the AlN �0002� peak as a reference peak. Additionally,
Rutherford backscattering �RBS� measurements were per-
formed on the thinnest sample �190 nm�. The composition of
this sample was determined to be In0.60Al0.40N from RBS
measurements, in very good agreement with the composition
of In0.59Al0.41N determined from XRD measurements. High-
resolution XPS measurements were performed using a Sci-
enta ESCA300 spectrometer at the National Centre for
Electron Spectroscopy and Surface Analysis, Daresbury
Laboratory, UK. Details of the spectrometer and its arrange-
ment are reported elsewhere.8 The binding energy scale is
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FIG. 1. �Color online� �a� Band lineup relative to the CNL of the III-N
semiconductors, determined from measured valence band offsets �Refs. 11
and 12� band gaps �Refs. 13 and 14� and the measured VBM to CNL
separation for InN �Ref. 5�. �b� Valence band photoemission spectra with
respect to the Fermi level EF of undoped InxAl1−xN alloys across the com-
position range.
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given with respect to the Fermi level. For the In-rich
samples, this was calibrated using the Fermi edge of an ion-
bombarded silver reference sample. However, the Al-rich
samples were insulating and so required charge compensa-
tion via a low-energy electron flood gun. For these alloys, the
calibration of the Fermi level was achieved via a referencing
of the binding energy of the C 1s core-level peak �from
physisorbed carbon� to the average C 1s binding energy for
the In-rich samples, where no flood gun had been used. The
position of the valence band maximum �VBM� at the surface
is determined by extrapolating a linear fit of the leading edge
of the valence band photoemission to the background level to
account for the broadening of the photoemission spectra.18

The valence band photoemission is shown in Fig. 1�b�.
The leading edge of this valence band photoemission shifts
to higher binding energies with increasing Al content, as was
previously observed for increasing Ga content in n-InGaN
alloys,8,10 indicating an increase in the VBM to surface
Fermi level separation with increasing Al content. The sur-
face Fermi level positions, determined from the XPS mea-
surements, relative to the semiconductor band edges and the
CNL are shown in Fig. 2. Additionally, the carrier density
was measured by the single-field Hall effect, and these val-
ues were used to calculate �via carrier statistics calculations
incorporating a Kane19 nonparabolic conduction band� an
upper limit of the bulk Fermi level. This is shown in Fig. 2
for the In-rich samples and is an upper limit of the bulk
Fermi level as the electron accumulation present for In-rich
samples leads to a slight overestimation of the bulk carrier
density by single-field Hall effect measurements. The Al-rich
samples were insulating by single-field Hall effect measure-
ments, and so, although a precise value of the bulk Fermi
level could not be determined, it is expected to lie signifi-
cantly below the CBM, approaching the midgap position.
The insulating nature of the Al-rich samples was confirmed

by the necessity of using a low-energy electron flood gun to
achieve charge compensation in the XPS measurements.

For InN, the surface Fermi level lies significantly above
the bulk Fermi level, indicating that electron accumulation is
present at the surface. This can be understood within the
concept of virtual gap states �ViGS�:22 As the bulk Fermi
level lies below the CNL, the surface Fermi level also pins
slightly below the CNL, causing a number of donor ViGS to
be unoccupied, donating their electrons into the
accumulation layer and causing a large downward band
bending, as has previously been discussed in detail for InN
accumulation layers.2,5 The band bending and carrier concen-
tration profiles in the near-surface region can be calculated
from the surface and bulk Fermi levels via a solution of
Poisson’s equation within a modified Thomas–Fermi
approximation23 �MTFA� as described elsewhere.24 The re-
sults of such a calculation are shown in Figs. 3�a� and 3�b�
for InN revealing the large downward band bending and ex-
treme electron accumulation present for this sample.

Upon moving to slightly more Al-rich compositions, the
surface Fermi level still remains pinned above the bulk
Fermi level, indicating electron accumulation is still present
at these surfaces. This is consistent with the surface Fermi
level lying below the CNL and hence causing some donor
ViGS to be unoccupied as for InN. However, the surface and
bulk Fermi levels move closer together with increasing Al
content, indicating a reduction in the amount of band bend-
ing and hence, a reduction in the degree of electron accumu-
lation at the surface. This is clearly evident from the Poisson-
MTFA calculations for the In0.83Al0.17N sample, as shown in
Figs. 3�c� and 3�d�. On further increasing the Al content to

FIG. 2. �Color online� Surface �filled circles� and bulk �open squares� Fermi
level �EF� for undoped InxAl1−xN alloys relative to the CNL �ECNL�, and
InAlN band edges �EC ,EV� and midgap position �Emid�. The CNL is located
1.83 eV above the VBM in InN from Ref. 5. The variation in valence band
edge is assumed to be linear after Mönch �Ref. 20�, with the measured
valence band offset of 1.52 eV �Ref. 12� and a band gap bowing parameter
of 4 eV �Ref. 21�, entirely in the conduction band due to the linear variation
of the valence band edge, used to define the band edges relative to the CNL.
The equivalent plot for InxGa1−xN alloys, adapted from Ref. 10, is shown
inset, indicating the general trend in surface Fermi level pinning position for
n-type �dot-dash line� and p-type �dot-dot-dash line� alloys.

FIG. 3. �Color online� Band bending and carrier concentration profiles as a
function of depth from Poisson-MTFA calculations for ��a� and �b�� InN, ��c�
and �d�� In0.83Al0.17N, and ��e� and �f�� In0.59Al0.41N.
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41% �In0.59Al0.41N�, the bulk Fermi level and surface Fermi
level are virtually coincident in energy, leading to almost no
electron accumulation, as shown in Figs. 3�e� and 3�f�. A
reduction of the amount of electron accumulation upon in-
creasing the Al content in In-rich n-InAlN alloys has there-
fore been observed, as was previously observed upon in-
creasing the Ga content in In-rich n-InGaN alloys.8,10

With further increase in Al content, however, the
samples become insulating, as revealed by single-field Hall
effect measurements. This can be largely understood within
the amphoteric defect model,25 whereby the favorable charge
state of native defects is determined by the position of the
Fermi level relative to the CNL, so that native defects act to
drive the Fermi level toward the CNL. As the Al composition
increases, the CNL moves closer toward the middle of the
direct band gap, causing the Fermi level to become lower in
the band gap, leading to insulating samples. The surface
Fermi levels also tend toward the mid gap energy, suggesting
approximately flatband behavior, for the Al-rich samples.
Small amounts of band bending may be present at these sur-
faces dependent on the exact relative position of the bulk and
surface Fermi levels, but this is not expected to be a large
effect. This can be understood by analogy with the behavior
observed at n- and p-type InGaN surfaces,8,10 shown in the
inset of Fig. 2. For n-type InGaN alloys, an increase in sur-
face Fermi level to above the CNL �although below the CBM
for the most Ga-rich samples� with increasing Ga content
was observed, leading to electron depletion at Ga-rich sur-
faces. In contrast, for p-type InGaN alloys, an increase in Ga
content was accompanied by a lowering of the surface Fermi
level position further below the CNL, toward the VBM, lead-
ing to hole depletion layers. For the insulating Al-rich InAlN
samples, the bulk Fermi levels will lie between that of the n-
and p-type cases, leading to approximately midgap pinning
of the surface Fermi level, somewhat between the two ex-
tremes observed for Ga-rich InGaN alloys, and approxi-
mately flatband conditions. However, if the Al-rich samples
were doped to become n-type �p - type�, electron �hole�
depletion layers would still be expected to occur at the sur-
face, by analogy with InGaN.

In conclusion, the surface electronic properties of un-
doped InxAl1−xN alloys have been investigated using high-
resolution x-ray photoemission spectroscopy and single-field
Hall effect measurements. For InN, an extreme electron ac-
cumulation was observed, consistent with previous observa-
tions. This was reduced with increasing Al content for the
In-rich alloys, with approximately flatbands observed for
x=0.59. Upon further increase in Al content, the samples
became insulating, resulting in the surface Fermi level pin-
ning close to the midgap energy with little surface space-
charge characteristics. The charge neutrality level was iden-
tified as important for determining both the bulk and surface
electronic properties of the InAlN alloys across the compo-
sition range.
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