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Origin of electron accumulation at wurtzite InN surfaces
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The origin of electron accumulation at wurtzite InN surfaces is explained in terms of the bulk band structure.
Ab initio calculations of the electronic structure of wurtzite InN reveal an unusually low conduction band
minimum at theG-point. As a result, the branch point energy, EB , which is the crossover point from donor-type
to acceptor-type surface states, is located in the conduction band at theG-point. This allows donor-type surface
states to exist in the conduction band. The donor-type surface states emit their electrons into the conduction
band, thus giving rise to electron accumulation at the surface. Experimental measurements, probing the con-
duction band electron plasma, confirm the existence of electron accumulation at InN surfaces, with a surface
Fermi level location in agreement with the predictions of theab initio theory.
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Electron accumulation was recently demonstrated to be
inherent property of clean InN~0001! surfaces.1 Normally,
depletion layers occur at III–V semiconductor surfaces, w
the surface Fermi level located in the band gap at
G-point. This depletion of conduction electrons allows t
ionized acceptor-type surface states to be neutralized, gi
overall charge neutrality.2–4 In this article, the physical origin
of the electron accumulation at the InN surface is discus
in terms of the calculatedab initio bulk electronic structure
of wurtzite InN. The electron accumulation is also demo
strated by plasma frequency measurements of the condu
band electrons of InN, combined with carrier profile calc
lations.

The wurtzite InN band structure is calculated using d
sity functional theory~DFT! within the local density ap-
proximation ~LDA !. A plane-wave expansion of the eige
functions and non-normconserving pseudopotentials
implemented in the Vienna Ab initio Simulation Package5,6

The In 4d electrons are treated as valence electrons~dval!.
This guarantees that the correct structural properties are
tained; the lattice constants are calculated to bec55.688 Å
anda53.523 Å, in agreement with the experimental valu
for MBE grown films.7,8 Unfortunately, the conduction an
valence bands overlap around theG-point in the Brillouin
zone ~BZ!, resulting in a negative fundamental energy g
Eg(dval)520.19 eV. This overlap is mainly a consequen
of the overestimation of thepd repulsion within DFT-LDA.9

To avoid this overestimation, another type of pseudopoten
has been used, which accounts for self-interaction cor
tions ~SIC! of the 4d electrons in the underlying atomic ca
culation, but freeze the In 4d electrons in the core.10 The
self-interaction corrections and the missingpd repulsion
open up the band gap toEg(SIC)50.58 eV. Additional qua-
siparticle corrections were not taken into account in the c
culations of the electronic structure that is shown here. T
rescaling of thepd repulsion practically compensates th
0163-1829/2004/69~20!/201307~4!/$22.50 69 2013
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quasiparticle correction, so that the resulting quasipart
gap ~0.81 eV! is only somewhat larger thanEg(SIC).11,12

The electronic structure calculations at the theoretical lat
constants result in the band structure shown in Fig. 1. T
SIC bands possess the correct energetical ordering. In
calculation, a computed average high frequency dielec
constant ofe(`)57.16 is used, very close to the recent
obtained experimental values.12,13 Meanwhile, experimen-
tally, a room temperature band gap of hexagonal InN in
range of 0.60–0.65 eV has been widely confirmed by opt
studies.14–17 The InN band structure revealed by this calc
lation indicates that the conduction band minimum at
G-point is much lower than the conduction band edge
other points ink-space. Additionally, the optical spectra
computed from the electronic-structure calculations, rev
an absorption edge that is characterized by a steep incr
followed by a plateau.11 This behavior is indicative of a non

FIG. 1. The wurtzite InN band structure calculated using den
functional theory within the local density approximation incorpor
ing self-interaction corrections. The branch-point energy EB is
shown to be located in the conduction band at theG-point.
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parabolic conduction band near theG-point. This nonparabo-
licity results in enhanced density of electron states in
conduction band.

The calculated bulk electronic structure can be used
predict the nature of the space-charge layers that occu
wurtzite InN surfaces. The type of surface states presen
governed by the position of the branch point energy at
G-point. The branch point energy~also known as the charg
neutrality level and the Fermi stabilization energy!, EB , is
defined as the cross-over point from states higher in the
that are mainly of conduction band character~acceptor-type!
to states lower in energy that are mainly of valence ba
character~donor-type!.2 This branch-point energy lies at th
center of the band gap~in one dimension! in the complex
band structure.18 Consequently, for the surface states to
neutralized, the surface Fermi level must tend toward
branch point. As a result, the conduction and valence ba
bend to generate the space charge required to neutraliz
charge generated by the ionized surface states. Whethe
surface exhibits electron depletion with upward band be
ing or accumulation with downward band bending depe
on the polarity of the surface states.

The branch point energy is defined as the average mid
energy across the entire BZ;18 it can be determined by cal
culating the half-way point between the mean value of
lowest conduction band and the mean value of the high
valence band. This calculation yields a branch point ene
that lies;1.5 eV above the valence band maximum and
the conduction band at theG-point. Consequently, donor
type surface states exist in the conduction band. These s
can acquire positive charge by emitting their electrons i
the conduction band. Charge neutrality is then achieved
the accumulation of electrons close to the surface. Clea
from the ab initio band structure, electron accumulation
expected at clean InN surfaces. Conversely, other III
semiconductors generally exhibit electron depletion.2–4 This
is a consequence of the branch point energy being locate
the gap at theG-point. Then, for ann-type semiconductor
the acceptor-type surface states are occupied. This resu
a region close to the surface that is depleted of electrons
can passivate the negatively charged surface states.3,4 How-
ever, accumulation layers will occur atn-type InN surfaces
because the branch point is located deep in the lowest
duction band at theG-point. A similar phenomenon occurs a
the InAs surface which also has a low conduction band e
at theG-point, and consequently, the branch point is loca
in the conduction band.19

The space-charge layer on the clean InN surface is in
tigated with high-resolution electron-energy-loss spectr
copy ~HREELS!. In this technique, low energy probing ele
trons exchange energy via a Coulombic interaction w
polarization fields arising from the collective excitations
both the lattice~phonons! and the electrons in the conductio
band ~plasmons!. By changing the energy of the probin
electrons, the entire space-charge region can be survey20

HREELS is the preferred method to investigate the prop
ties of clean InN surfaces, as unlike other techniques, suc
capacitance–voltage profiling, no contacts to the surface
required. Furthermore, rather than probing the entire fi
20130
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HREELS only probes the near-surface space-charge reg
allowing this to be distinguished from any charge accum
lated at the InN/buffer layer interface.21 The InN~0001!
samples used in this study were grown with unintentio
n-type doping by migration enhanced molecular beam e
taxy on a GaN buffer layer. Details of the growth can
found elsewhere.22

A series of normalized HREEL spectra recorded from
clean InN~0001! surface with a range of probing energies
shown in Fig. 2, along with semi-classical dielectric theo
simulations. Two distinct features are observed in
HREEL spectra. The first loss feature at;66 meV is as-
signed to Fuchs–Kliewer surface phonon excitations.1 The
second loss feature at;250 meV is due to conduction ban
electron plasmon excitations. The plasmon peak undergo
;40 meV downward dispersion as the energy of the prob
electrons is increased from 15 to 60 eV. This can be und
stood in terms of a surface layer of higher plasma freque
than that of the bulk and provides direct evidence for
existence of an electron accumulation layer at the I
surface.

The existence of an electron accumulation layer at
InN surface is quantitatively confirmed by simulating th
HREEL spectra. The energy exchange between the pro
electrons and the polarization field arising from the colle
tive excitations of the free carriers in the conduction ba
results from the long-ranged Coulomb interaction and can
described by the semiclassical dielectric theory within
methodology of Lambinet al.20,23 Simulations of the spectra
are required to obtain the true plasma frequency from
spectra because the observed plasmon peak position is i
enced by the band bending, spatial dispersion, and plas
damping. A five-layer model was required to simulate t
HREEL spectra, where each layer has its own frequency-
wave-vector-dependent hydrodynamic dielectric function20

A plasma dead layer of 3 Å was required, both to simulate
the variation in the phonon peak intensity and approxim
the quantum mechanical effect of the surface poten

FIG. 2. Specular HREEL spectra recorded at 300 K from
atomic hydrogen cleaned InN~0001! surface with incident electron
energies of 15–60 eV~points! and the corresponding semiclassic
dielectric theory simulations~solid lines!.
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barrier.24 Three further layers of enhanced plasma freque
were also needed to reproduce the plasmon tail at high
energy. Finally, a bulk layer with a plasma frequency of 1
meV was used to obtain the correct plasmon peak posit
This layer profile was necessary to reproduce the disper
of the plasmon peak. The results of the HREELS simulati
are shown in Fig. 2, where all the spectra were simula
using the same plasma frequency profile.

Knowledge of the conduction band dispersion relation
required in order to translate the plasma frequencies
tracted from HREELS into carrier concentrations. An a
proximation of thek•p model was utilized to calculate th
non-parabolic dispersion of the conduction band.25 This
model was modified for application to heavily doped InN
incorporating the effects of electron–electron interactio
and electron-ionized impurity interactions as required in
large wave vector and high Fermi level regime.25 The inter-
dependence of the plasma frequency,vp , the carrier concen-
tration,n, and the effective mass at the Fermi level,mF* , can
consequently be calculated by manipulating the conduc
band dispersion.1 These calculations were used to transl
the plasma frequencies extracted from the HREELS sim
tions into carrier concentrations. The resulting conduct
electron-depth profile, determined from the HREELS sim
lations for InN, is presented in Fig. 3. A maximum electr
density of;2.131020 cm23 occurs in the near surface, de
clining to the bulk carrier concentration of 1.931019 cm23.
This analysis clearly confirms the presence of an intrin
electron accumulation layer on the clean InN surface.

In order to obtain information about the space-cha
layer parameters, the layered charge profiles used in
HREELS simulations can be compared with calcula
smooth charge profiles. This enables the amount of b
bending, the surface Fermi level, and the surface state
sity to be determined. Charge profiles were calculated
solving Poisson’s equation within the modified Thoma
Fermi approximation~MTFA!. A trial potential,V(z), which
is a solution of the Poisson equation,

FIG. 3. The layered charge profile used in the HREELS sim
lations and the corresponding smooth charge profile calculate
solving the Poisson equation within the MTFA.
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whereND
1 is the bulk donor density, is used to solve

n~z!5
1

8p2 S 2m0*
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E1/2S 11

E

Eg
D 1/2S 11

2E

Eg
D

11exp@~E2EF1V~z!!/kBT#

3S 12sincF2z

L S E

kBTD 1/2S 11
E

Eg
D 1/2G DdE ~2!

to obtain a charge distribution,n(z), with the boundary con-
dition, V(z) and dV(z)/dz→0 as z→`, where L is the
Fermi length. The calculated potential that satisfies
boundary conditions was then used to calculate the sur
state density according to

Nss5
e0e~0!

e

dV~z!

dz U
z50

. ~3!

The MTFA is an alternative to the self-consistent solution
the Poisson and Schro¨dinger equations for calculating realis
tic smooth charge profiles. Without recourse to a modifi
Schrödinger equation, the MTFA enables the straightforwa
inclusion of the nonparabolicity of the conduction band25

which results in a significantly larger charge accumulat
because of the increased density of states higher in the
duction band.25 It also allows the effects of the surface p
tential barrier to be included in the calculations with a co
rection factor, which approximates the interference betw
incoming and reflected electron waves that smoothly redu
the charge,n(z), to zero at the surface.24 The smooth charge
profile that most closely resembles the HREELS simulat
profile is shown in Fig. 3. This charge profile calculatio
yields a surface state density,Nss, of ;2.4 (60.2)
31013 cm22, giving rise to an electric field of 4.6
3108 Vm21 at the surface and band bending,Vbb, of
;0.74 eV. As a result of this band bending, the surfa
Fermi level is located;1.5860.10 eV above the valenc
band maximum. The uncertainties given for the values
surface state density and the Fermi levels is due to the
certainty in determining the plasma frequency profile fro
the dielectric theory simulations. The values ofNss and the
Fermi levels are reported for an intrinsic band gap of 0.6
eV at 300 K, which has been determined for the samp
used here by previous transmission and photoluminesce
spectroscopy studies.15 This analysis reveals that the Ferm
level is located close to the branch point energy of 1.5
above the valence maximum as determined from theab initio
calculations. Consequently, the donor-type surface states
be partially unoccupied, giving rise to the electron accum
lation. Further theoretical and experimental studies, such
ab initio calculations and angle-resolved photoemiss
spectroscopy of the electronic structure of the InN~0001!-
(131) surface, are required to determine the physical na
of these surface states. In the case of polar InAs surfaces
approach was able to rule out regular surface states as

-
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cause of electron accumulation and it was concluded tha
surface states are native defects.26

The ab initio calculations of the InN electronic structur
reveal an unusually low conduction band minimum at
G-point. This enables donor-type surface states to exist in
conduction band. These surface states become ionize
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24J.P. Zöllner, H. Übensee, G. Paasch, T. Fiedler, and G. Gobs

Phys. Status Solidi B134, 837 ~1986!.
25J. Wu, W. Walukiewicz, W. Shan, K.M. Yu, J.W. Ager III, E.E

Haller, H. Lu, and W.J. Schaff, Phys. Rev. B66, 201403~2002!.
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