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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 thel"-point. As a result, the branch point energy,,Evhich is the crossover point from donor-type
to acceptor-type surface states, is located in the conduction bandlafibiat. 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 dfeinitio theory.
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Electron accumulation was recently demonstrated to be aquasiparticle correction, so that the resulting quasiparticle
inherent property of clean 00D surfaces. Normally, — gap (0.81 eV} is only somewnhat larger thaly(SIC).*"*?
depletion layers occur at I1I-V semiconductor surfaces, withThe electronic structure calculations at the theoretical lattice
the surface Fermi level located in the band gap at the&onstants result in the band structure shown in Fig. 1. The
I'-point. This depletion of conduction electrons allows theSIC bands possess the correct energetical ordering. In this
ionized acceptor-type surface states to be neutralized, givingglculation, a computed average high frequency dielectric
overall charge neutrality.* In this article, the physical origin constant ofe(«)=7.16 is used, very close to the recently
of the electron accumulation at the InN surface is discusse@btained experimental values® Meanwhile, experimen-
in terms of the calculatedb initio bulk electronic structure tally, a room temperature band gap of hexagonal InN in the
of wurtzite InN. The electron accumulation is also demon-range of 0.60-0.65 eV has been widely confirmed by optical
strated by plasma frequency measurements of the conductigitudies:**" The InN band structure revealed by this calcu-
band electrons of InN, combined with carrier profile calcu-lation indicates that the conduction band minimum at the
lations. I'-point is much lower than the conduction band edge at

The wurtzite InN band structure is calculated using den-other points ink-space. Additionally, the optical spectra,
sity functional theory(DFT) within the local density ap- computed from the electronic-structure calculations, reveal
proximation (LDA). A plane-wave expansion of the eigen- an absorption edge that is characterized by a steep increase
functions and non-normconserving pseudopotentials iollowed by a platead! This behavior is indicative of a non-
implemented in the Vienna Ab initio Simulation Packade.

8

The In4d electrons are treated as valence electr@val). \\;=< /__/\,- 1 1 A
This guarantees that the correct structural properties are ob- 6L > \7 ]
tained; the lattice constants are calculated ta¢5.688 A ! ]
anda=3.523 A, in agreement with the experimental values 4 5 /\Q/\
for MBE grown films!® Unfortunately, the conduction and 3 | T / 3
valence bands overlap around tRepoint in the Brillouin > 2F E ]
zone (BZ), resulting in a negative fundamental energy gap % 0: N ]
Eg(dval)=—0.19 eV. This overlap is mainly a consequence [ % k 7?
of the overestimation of thpd repulsion within DFT-LDA? 2f 7 ? ]
To avoid this overestimation, another type of pseudopotential [ é ]
has been used, which accounts for self-interaction correc- 4 \/\ /
tions (SIC) of the 4d electrons in the underlying atcipmic cal- A~
culation, but freeze the Indl electrons in the core. The -6

self-interaction corrections and the missipgl repulsion T K H AT M L A
open up the band gap f6,(SIC)=0.58 eV. Additional qua- FIG. 1. The wurtzite InN band structure calculated using density

siparticle corrections were not taken into account in the calfunctional theory within the local density approximation incorporat-
culations of the electronic structure that is shown here. Théng self-interaction corrections. The branch-point energy i&
rescaling of thepd repulsion practically compensates the shown to be located in the conduction band atfhpoint.
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parabolic conduction band near thepoint. This nonparabo-
licity results in enhanced density of electron states in the
conduction band.

The calculated bulk electronic structure can be used to
predict the nature of the space-charge layers that occur at
wurtzite InN surfaces. The type of surface states present is
governed by the position of the branch point energy at the
I'-point. The branch point enerdglso known as the charge
neutrality level and the Fermi stabilization energlg, is
defined as the cross-over point from states higher in the gap
that are mainly of conduction band charadi@cceptor-type
to states lower in energy that are mainly of valence band
character(donor-typé.? This branch-point energy lies at the
center of the band gafin one dimensiohin the complex
band structuré® Consequently, for the surface states to be
neutralized, the surface Fermi level must tend toward the
branch point. As a result, the conduction and valence bands
bend to generate the space charge required to neutralize t
charge generated by the ionized surface states. Whether t
surface exhibits electron depletion with upward band bend-
ing or accumulation with downward band bending depends
on the polarity of the surface states.
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he FIG. 2. Specular HREEL spectra recorded at 300 K from an
ﬁgomic hydrogen cleaned 8001 surface with incident electron
energies of 15—-60 e\pointg and the corresponding semiclassical
dielectric theory simulationssolid lines.

HREELS only probes the near-surface space-charge region,

The branch point energy is defined as the average midgagllowing this to be distinguished from any charge accumu-
energy across the entire BZjit can be determined by cal- lated at the InN/buffer layer interfaéé. The InN(000Y)
culating the half-way point between the mean value of thesamples used in this study were grown with unintentional
lowest conduction band and the mean value of the highesi-type doping by migration enhanced molecular beam epi-
valence band. This calculation yields a branch point energyaxy on a GaN buffer layer. Details of the growth can be
that lies~1.5 eV above the valence band maximum and infound elsewheré?

the conduction band at thE-point. Consequently, donor-

A series of normalized HREEL spectra recorded from the

type surface states exist in the conduction band. These statelean INnN000J) surface with a range of probing energies is
can acquire positive charge by emitting their electrons intashown in Fig. 2, along with semi-classical dielectric theory
the conduction band. Charge neutrality is then achieved bgimulations. Two distinct features are observed in the
the accumulation of electrons close to the surface. ClearlydREEL spectra. The first loss feature at66 meV is as-
from the ab initio band structure, electron accumulation is signed to Fuchs—Kliewer surface phonon excitatibiihie
expected at clean InN surfaces. Conversely, other lll-Vsecond loss feature at250 meV is due to conduction band

semiconductors generally exhibit electron deplefichThis

electron plasmon excitations. The plasmon peak undergoes a

is a consequence of the branch point energy being located i3 40 meV downward dispersion as the energy of the probing

the gap at thd -point. Then, for am-type semiconductor,

electrons is increased from 15 to 60 eV. This can be under-

the acceptor-type surface states are occupied. This results $tood in terms of a surface layer of higher plasma frequency
a region close to the surface that is depleted of electrons th@han that of the bulk and provides direct evidence for the

can passivate the negatively charged surface stitelmw-
ever, accumulation layers will occur attype InN surfaces

existence of an electron accumulation layer at the InN
surface.

because the branch point is located deep in the lowest con- The existence of an electron accumulation layer at the
duction band at th&'-point. A similar phenomenon occurs at InN surface is quantitatively confirmed by simulating the
the InAs surface which also has a low conduction band edgelREEL spectra. The energy exchange between the probing
at thel’-point, and consequently, the branch point is locatecklectrons and the polarization field arising from the collec-

in the conduction bant?

tive excitations of the free carriers in the conduction band

The space-charge layer on the clean InN surface is invesesults from the long-ranged Coulomb interaction and can be
tigated with high-resolution electron-energy-loss spectroseescribed by the semiclassical dielectric theory within the
copy (HREELS. In this technique, low energy probing elec- methodology of Lambiret al?%?3 Simulations of the spectra
trons exchange energy via a Coulombic interaction withare required to obtain the true plasma frequency from the
polarization fields arising from the collective excitations of spectra because the observed plasmon peak position is influ-
both the latticephonon$ and the electrons in the conduction enced by the band bending, spatial dispersion, and plasmon
band (plasmong By changing the energy of the probing damping. A five-layer model was required to simulate the
electrons, the entire space-charge region can be suré@yedHREEL spectra, where each layer has its own frequency- and
HREELS is the preferred method to investigate the properwave-vector-dependent hydrodynamic dielectric funcffon.
ties of clean InN surfaces, as unlike other techniques, such as plasma dead layerf® A was required, both to simulate
capacitance—voltage profiling, no contacts to the surface amde variation in the phonon peak intensity and approximate
required. Furthermore, rather than probing the entire flmthe quantum mechanical effect of the surface potential
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to obtain a charge distribution(z), with the boundary con-
dition, V(z) and dV(z)/dz—0 as z—o, wherelL is the

FIG. 3. The layered charge profile used in the HREELS simu-Fe€rmi length. The calculated potential that satisfies the
lations and the corresponding smooth charge profile calculated bhoundary conditions was then used to calculate the surface
solving the Poisson equation within the MTFA. state density according to

Depth, z (A)

barrier® Three further layers of enhanced plasma frequency = €0€(0) dV(2)

were also needed to reproduce the plasmon tail at high loss € dz
energy. Finally, a bulk layer with a plasma frequency of 192 . . . .
meV was used to obtain the correct plasmon peak positio The MTFA is an alternative to the self-consistent solution of

This layer profile was necessary to reproduce the dispersigﬁe Poisson and Schiitnger equations for calculating realis-
. .~ tic smooth char rofiles. With r r modifi
of the plasmon peak. The results of the HREELS smulaﬂonaC smooth charge profiles. Without recourse to a modified

()

z=0

o . chradinger equation, the MTFA enables the straightforward
are shown in Fig. 2, where all the spectra were simulateq, | ,sjon of the nonparabolicity of the conduction bafd,
using the same plasma frequency profile. ~_which results in a significantly larger charge accumulation

Knowledge of the conduction band dispersion relation ispecayse of the increased density of states higher in the con-
required in order to translate the plasma frequencies exquction band?® It also allows the effects of the surface po-
tracted from HREELS into carrier concentrations. An ap-tential barrier to be included in the calculations with a cor-
proximation of thek-p model was utilized to calculate the rection factor, which approximates the interference between
non-parabolic dispersion of the conduction bandThis  incoming and reflected electron waves that smoothly reduces
model was modified for application to heavily doped InN by the chargen(z), to zero at the surfacé.The smooth charge
incorporating the effects of electron—electron interactiongrofile that most closely resembles the HREELS simulation
and electron-ionized impurity interactions as required in theprofile is shown in Fig. 3. This charge profile calculation
large wave vector and high Fermi level regifiélhe inter-  vyields a surface state densitfNe, of ~2.4 (+0.2)
dependence of the plasma frequenay, the carrier concen- x10'*cm™?, giving rise to an electric field of 4.6
tration, n, and the effective mass at the Fermi levef,, can X 10° Vm™* at the surface and band bendingy,, of
consequently be calculated by manipulating the conduction 074 €V. As a result of this band bending, the surface
band dispersiofh.These calculations were used to translateFermi level is located~1.58+0.10 eV above the valence
the plasma frequencies extracted from the HREELS simuladP@hd maximum. The uncertainties given for the values of
tions into carrier concentrations. The resulting conductiorsufface state density and the Fermi levels is due to the un-
electron-depth profile, determined from the HREELS Simu_certa[nty |n.determ|n||jg the. plasma frequency profile from
lations for InN, is presented in Fig. 3. A maximum electronthe d!EIGCt”C theory S|mulat|ons.'Th.e \{aluesN)JS and the
density of~2.1x 107° cm~2 occurs in the near surface, de- Fermi levels are r_eported for an intrinsic band gap of 0.642
clining to the bulk carrier concentration of x40 cm™ 3. eV at 300 K, which has been determined for the samples

. ) . .~ used here by previous transmission and photoluminescence
This analysis clear_ly confirms the presence of an Intrlr'S'Cspectroscopy studiés.This analysis reveals that the Fermi
electron accumulation layer on the clean InN surface. level is located close to the branch point energy of 1.5 eV

In order to obtain information about the space-charge,,ye the valence maximum as determined fromathanitio
layer parameters, the layered charge profiles used in theyicylations. Consequently, the donor-type surface states can
HREELS simulations can be compared with calculatedhe partially unoccupied, giving rise to the electron accumu-
smooth charge profiles. This enables the amount of bangtion. Further theoretical and experimental studies, such as
bending, the surface Fermi level, and the surface state de@p initio calculations and angle-resolved photoemission
sity to be determined. Charge profiles were calculated bgpectroscopy of the electronic structure of the (B001)-
solving Poisson’s equation within the modified Thomas—(1x 1) surface, are required to determine the physical nature
Fermi approximatiofMTFA). A trial potential,V(z), which  of these surface states. In the case of polar InAs surfaces, this
is a solution of the Poisson equation, approach was able to rule out regular surface states as the
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cause of electron accumulation and it was concluded that themitting their electrons into the conduction band. This mani-
surface states are native defeis. fests itself as a surface electron accumulation layer that is

The ab initio calculations of the InN electronic structure required to neutralize the positively charged surface states.
reveal an unusually low conduction band minimum at theThe existence of the accumulation is experimentally con-
I'-point. This enables donor-type surface states to exist in thBrmed by plasma frequency measurements of the conduction
conduction band. These surface states become ionized lpand electron plasma.
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