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The electronic properties of a-plane and m-plane InN have been investigated by x-ray
photoemission spectroscopy, infrared reflectivity, and surface space-charge calculations. Electron
accumulation has been observed at the surface of nonpolar InN and the surface Fermi level has been
found to be lower than previously observed on InN samples. A high electron density in the InN close
to the interface with GaN was found in each nonpolar InN sample. © 2010 American Institute of
Physics. �doi:10.1063/1.3488821�

Indium nitride �InN� has been the subject of intense re-
search in recent years, largely due to its potential application
in optoelectronic devices such as high-efficiency solar cells,
light emitting diodes, and high-frequency transistors.1 De-
spite extensive studies of many physical properties of InN,
there remain limitations for device applications due to an
electron accumulation layer at the InN surface.2,3 However,
for some applications, such as gas sensors and terahertz emit-
ters, the presence of an electron accumulation layer is poten-
tially beneficial.1 Electron accumulation has been observed
at the clean surface of wurtzite In- and N-polar c-plane and
nonpolar a-plane InN,4 and additionally at the nonpolar
m-plane surface of InN nanocolumns,5,6 as well as at the
surface of zinc-blende InN.4 Segev and Van de Walle7 sug-
gested from first-principles calculations the absence of the
electron accumulation layer at the reconstructed surface of

a-plane �112̄0� and m-plane �11̄00� InN because of the ab-
sence of In adlayers. This lack of electron accumulation was
demonstrated on in situ cleaved a-plane InN �Ref. 8� but not
on as-grown surfaces.4,5,8–10

This letter reports high resolution x-ray photoemission
spectroscopy �XPS� and infrared �IR� reflectivity of nonpolar
InN samples grown under In-rich and N-rich conditions. Us-
ing these techniques the surface Fermi level has been found
to be lower than previously observed on as grown InN films.
High values of the plasma frequency close to the interface
with the GaN buffer layer have been found, indicating a high
electron concentration in this region.

Nonpolar InN thin films were grown under either In- or
N-rich conditions by plasma assisted molecular beam epi-

taxy. The a-plane �112̄0� and m-plane �11̄00� InN films
were grown on a-plane and m-plane free-standing GaN
�Mitsubishi Chemical Co.�, respectively, with a �50 nm
��20 nm� GaN buffer layer grown under Ga-rich conditions
for a-plane �m-plane� InN.11,12 Sample preparation was
achieved by etching in a 10 mol/l HCl solution for 60 s to
reduce the oxide layer. High-resolution XPS measurements
were performed on samples of nonpolar InN using a Scienta
ESCA300 spectrometer at the National Centre for Electron
Spectroscopy and Surface analysis, Daresbury Laboratory,

U.K. Details of the spectrometer are reported elsewhere.13

The IR reflection from nonpolar InN samples was measured
using a Bruker Vertex 70v Fourier transform IR spectrometer
�FTIR�. The reflection spectra were recorded for an incident
and reflected angle of 35° to the surface normal. All mea-
surements were performed at room temperature.

IR reflectivity was performed on the nonpolar InN films
to determine their bulk conduction electron plasma fre-
quency from which the bulk Fermi level �EbF� position was
found. The experimental and simulated IR reflectivity spectra
are presented in Fig. 1. The oscillations observed in the ex-
perimental spectra are due to Fabry–Pérot interference, cor-
responding to the total InN film thickness �d1+d2, see Fig.
1�. Each IR reflection spectrum was simulated using a two-
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FIG. 1. �Color online� Experimental IR reflectivity spectra for nonpolar InN
plotted with the simulated spectra. ��a�–�c�� The three layer model simula-
tions. �d� A two layer model simulation. The insets show the layer models
used in IR reflectivity simulations. In �d�, the InN parameters determined for
the bulk region in �c� have been used. Further adjustment of these param-
eters did not result in better agreement with the measured spectrum. The
layer thicknesses �d1 and d2� are given in Table I.
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oscillator dielectric model. To account for the effects of sur-
face roughness, partial coherency of the reflection was ap-
plied in the modeling but it had only a very small effect.
Atomic force microscopy �AFM� was used to determine the
morphology of the surface and the roughness of all nonpolar
InN samples. The average roughness for a-plane and m-plane
InN samples was 0.9 nm and 1.1 nm from the 3�3 �m2

scans, respectively, and these values were used in the simu-
lations. A three layer model consisting of an InN layer, an
InN interface layer and bulk GaN was applied to simulate the
experimental spectra �Figs. 1�a�–1�c��. The high frequency
dielectric constant and static dielectric constant for InN �InN
interface layer, GaN�, ����=7.80 �Ref. 14� �6.90, 5.35� and
��0�=14.11 �12.48, 8.90� have been used to simulate the IR
reflectivity spectra. The other parameters used in the simula-
tions are given in Table I. From the plasma frequency, the
bulk carrier concentration has been calculated to be 1–2
�1018 cm−3, and the bulk Fermi level position was found to
be �0.70–0.75 eV above the valence band maximum
�VBM� for each nonpolar sample.

The VB photoemission for nonpolar InN and for previ-
ously studied c-plane InN �Ref. 15� is shown in Fig. 2. The
position of the surface Fermi level �EsF� was determined by
extrapolating a linear fit to the leading edge of the VB

photoemission.16 It has been found that the EsF for all non-
polar cleaned samples is 1.24�0.10 eV. The values of EsF
are lower than previously determined for c-plane and a-plane
InN.4,10 Segev and Van de Walle suggested that the micro-
scopic origin of donor-type surface states is In–In bonding in
In adlayers at the InN surface.7,17,18 This is consistent with
core-level XPS measurements of the samples studied here,
which indicate an In-rich surface in each case. Model calcu-
lations �using the scheme introduced in Refs. 13 and 19�,
indicate �1 ML of In above the nonpolar InN bulklike ter-
mination in each case, significantly lower than found in a
previous study of both a- and c-plane InN �3.0 ML and 3.4
ML, respectively�.13,19 One should note, however, that some
residual oxygen contamination remained following the sur-
face preparation, and one sample �a-plane In-rich InN� ex-
hibited some In-droplets, observed by AFM, making detailed
quantitative analysis of the adlayer coverage difficult.

Given a band gap of 0.64 eV,20 the surface Fermi level is
above the bottom of the conduction band, indicating a down-
ward band bending at the surface of all the nonpolar InN
samples. The EsF and band bending values are listed in Table
II. The surface state densities were determined by solving
Poisson’s equation within the modified Thomas–Fermi ap-
proximation �MTFA�. Details of the calculations are reported
elsewhere.21 Figure 3 shows the band bending and carrier
concentration profile for m-plane InN and c-plane InN. From
Poisson’s equation, the surface sheet density can be calcu-
lated from the gradient of the band bending potential at the
surface. The surface sheet density nss for nonpolar InN films
is �9.9�1012 cm−2 and for c-plane InN sample is �14.0
�1012 cm−2. The electron accumulation for m-plane InN has

FIG. 2. �Color online� Valence band photoemission of the nonpolar InN and
c-plane InN grown under In-rich conditions �solid line�. �a� Spectra for
as-loaded samples. �b� Spectra for cleaned samples.

TABLE I. Parameters used in the IR reflectivity simulations, where �TO, �P,
�, and d are the longitudinal optical phonon frequency, the plasma fre-
quency, the free-carrier lifetime, and layer thickness, respectively.

Sample
�TO

�meV�
�P

�meV�
�

�ps�
d

�nm�

InN a-plane N-rich 58.2 84�6 0.033�0.004 950�10
InN interface layer 58.2 300�10 0.010�0.003 80�10
GaN 70.4 ¯ ¯ ¯

InN a-plane In-rich 58.2 85�4 0.075�0.008 510�10
InN interface layer 58.2 290�10 0.010�0.003 70�5
GaN 70.4 ¯ ¯ ¯

InN m-plane In-rich 58.2 60�10 0.064�0.030 410�15
InN interface layer 58.2 290�20 0.011�0.003 60�10
GaN 70.4 ¯ ¯ ¯

TABLE II. Values of the surface Fermi level EsF above the VBM from XPS
measurements and bulk Fermi level EbF above the VBM calculated using
Fermi–Dirac carrier statistics. The band bending Vbb is calculated from the
relative surface and bulk Fermi level positions. The bulk carrier concentra-
tion is determined from the plasma frequency using a nonparabolic band
structure approximation �Ref. 21�. Poisson-MTFA calculations give the sur-
face state density nss.

InN
EsF

�eV�
EbF

�eV�
Vbb

�eV�
nb

��1018 cm−3�
nss

��1012 cm−2�

a-plane N-rich 1.24 0.75 0.49 2.3 9.9
a-plane In-rich 1.24 0.75 0.49 2.3 9.9
m-plane In-rich 1.24 0.71 0.53 1.2 9.7

FIG. 3. �Color online� Carrier concentration as a function of depth from the
surface for m-plane In-rich InN �solid line� and c-plane In-rich InN �dashed
line�. Inset: the conduction band minimum �CBM� and VBM positions with
respect to the Fermi level, EF, as a function of depth from the surface.

112103-2 Linhart et al. Appl. Phys. Lett. 97, 112103 �2010�

Downloaded 22 Nov 2010 to 129.187.254.46. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



been found to be lower than for the c-plane InN film �Fig. 3�.
Whether these nonpolar samples exhibit the lowest achiev-
able surface Fermi level for InN is not yet clear. More re-
search involving the correlation of the surface electronic
properties of InN with detail surface structural characteriza-
tion is required, after different surface preparations. This
would verify whether there is a causal link between the pres-
ence of In adlayers and surface electron accumulation and
determine whether the latter can be further decreased.

As mentioned above, a three layer model has been ap-
plied in the modeling of the IR reflectivity spectra. A
model containing just an InN layer and bulk GaN did not
produce satisfactory simulated spectra, as shown in Fig. 1�d�.
Including a surface layer did not make much difference
to the simulated spectra, in agreement with previous
investigations,22 and simulations with a graded interface23

also made negligible difference. The plasma frequencies
have been found to be 230–320 meV, corresponding to a
sheet carrier concentration of 2.4–3.5�1014 cm−2 for the
interface layer. This is higher than previously determined for
c-plane InN.15 Several independent groups have discussed
the origin of increased electron concentration close to the
interface in c-plane InN by considering the possible effects
of both unintentionally incorporated impurities and threading
dislocation densities on the electron transport properties of
InN.23–28 The lower growth temperatures used for the growth
of nonpolar InN �380–450 °C �Refs. 11 and 12�� compared
with c-plane InN �450–540 °C �Refs. 27 and 29�� are likely
to increase the impurity incorporation, increasing the density
of donors close to the interface resulting in high plasma
frequency values. This was confirmed by secondary ion mass
spectrometry indicating that for m-plane InN the oxygen im-
purity density was approximately constant at 1�1017 cm−3

in the bulk InN and increased to 1�1018 cm−3 toward the
InN/GaN interface, and then rapidly decreased to 5
�1016 cm−3 in the bulk GaN. Moreover, Koblmüller
et al.11,12 have studied the structural properties of nonpolar
InN and found basal-plane stacking faults where defects
and/or impurities could be localized, contributing to the
interface-related carrier concentration.

In conclusion, we have shown that the film quality of
both a-plane and m-plane InN is significantly improved, as
indicated by their lower bulk carrier concentration than many
previous nonpolar InN films.30 A high carrier concentration
has been found in the nonpolar InN close to the interface
with the GaN buffer layer, that may be due to donors asso-
ciated with unintentionally incorporated impurities poten-
tially localized at basal-plane stacking faults. The surface
Fermi level for all nonpolar InN samples has been found to
be lower than previously observed on noncleaved InN
samples. The observation of an electron accumulation layer
in the presence of a single In adlayer is consistent with pre-
vious theoretical predictions.
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