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A thin layer of InNSb has been fabricated by low energy nitrogen implantation in the near-surface
region of InSb. X-ray photoelectron spectroscopy indicates that nitrogen occupies ~6% of the anion
lattice sites. High-resolution electron-energy-loss spectroscopy of the conduction band electron plasma
reveals the absence of a depletion layer for this alloy, thus indicating that the Fermi level is located
below the valence band maximum (VBM). The plasma frequency for this alloy combined with the
semiconductor statistics indicates that the Fermi level is located above the conduction band minimum
(CBM). Consequently, the CBM is located below the VBM, indicating a negative band gap material has
been formed. These measurements are consistent with k - p calculations for InN ¢6Sbg o4 that predict a

semimetallic band structure.
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Alloying semiconductors with large size-mismatched
atoms induces unusual electronic properties that can
be exploited in a range of otherwise unavailable appli-
cations, such as long wavelength lasers and high
performance solar cells. In III-V semiconductors, the
replacement of a few per cent of the group V element by
small, highly electronegative and isoelectronic nitrogen
atoms results in a dramatic reduction of the fundamental
band gap of approximately 100 meV per atomic per cent of
nitrogen [1,2]. This enables the band gap of the resulting
dilute III-V nitride alloys to be tuned to particular ener-
gies for optoelectronic applications by changing the ni-
trogen content. Since only small amounts of nitrogen are
required to produce large changes in the band gap, the
alloy can be almost lattice matched to existing substrate
material, enabling high quality alloys to be grown epi-
taxially and incorporated into the existing optoelec-
tronics infrastructure.

From a fundamental point of view, several researchers
have considered the possibility of both band gap closure
and ‘“‘negative” band gaps in these dilute III-N-V semi-
conductors. Theoretical investigations have concentrated
on GaN,As,_, alloys with relatively large x values [3-6].
In one study, the possibility of negative band gaps was
discounted for ordered GaN,As;_, alloys on the basis of
quasiparticle calculations with a many-body correction
[7]. In fact, since the theoretical calculations are mostly
for ordered alloys which have greater band gap bowing
than the random alloys produced by epitaxial growth,
band gap closure is even less likely to be found experi-
mentally in GaN,As;_, [5]. Experimental studies have
shown that GaN,As;_, is a direct gap semiconductor for
x = 14.8% [8]. Extending the experimental search for
band gap closure by growing GaN,As;_, alloys with
larger x values is complicated by several factors, such as
the lattice mismatch of greater than 20% between GaAs
and GaN [5]. Additionally, the phase stability of
GaN,As, _, alloys must be considered [3]. If a miscibility
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gap exists, the realization of a negative band gap alloy
may be prohibited by the solid solution of GaN,As;_,
being thermodynamically unstable at the appropriate x
values. Indeed, a negative band gap has not previously
been realized in any III-N-V alloy.

An alternative approach to observing band gap closure
and negative band gaps in III-N-V materials is to incor-
porate nitrogen in a narrow gap III-V semiconductor; a
semimetallic material has been predicted to result from
the giant band gap bowing that occurs when relatively low
percentages of anion sites of InSb are occupied by nitro-
gen [9]. Since the band gap of InSb (180 meV at 300 K) is
approximately one-eighth of that of GaAs, band gap
closure in InN,Sb; _, is predicted to occur at much lower
x values than in GaN,As;_,.

In order to predict the variation of the band gap as
a function of nitrogen incorporation in InSb, the
band structure of InN,Sb,_, has been calculated using a
modified k - p Hamiltonian originally developed for
GaN,As;_, and successfully applied to InN,Sb;_, [10—
12]. Modified k - p calculations of band gaps have been
shown, by comparison with tight binding calculations, to
be accurate up to nitrogen concentrations corresponding
to x = 0.1 [13]. The k - p approximation, which models
the interactions between the conduction band and the
valence bands, is modified to include the interaction of a
localized N level with the conduction band of the InSb
host. The nitrogen level, ENO, is located at 740 meV above
the InSb valence band maximum [14]. The decrease in the
energy of the effective nitrogen level as x increases is
described by Ex = Ey, — yx, where y = 2.47 eV [14].
This variation of the effective nitrogen level is a result of
interactions between neighboring resonances [13]. The
conduction and valence band edges and nitrogen level
as a function of nitrogen content, calculated using
the modified k - p Hamiltonian, are shown in Fig. 1.
The interaction of the extended I" states of the conduc-
tion band of the host semiconductor with the localized
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FIG. 1. The conduction and valence band edges and nitrogen
level of InN,Sb;_, at 300 K as a function of x, calculated using
a modified k - p Hamiltonian with the nitrogen level (at x = 0)
at 740 meV above the valence band maximum.

N-induced resonant states results in the formation of two
nonparabolic subbands, £ and E_. The band gap reaches
zero at x ~ 0.022 and at higher x values the band gap is
negative; the E_ conduction band minimum (CBM) is
below the valence band maximum (VBM), indicating
that the alloy is semimetallic.

In this Letter, we present experimental evidence of a
negative band gap in InN,Sb; _, alloys created by nitrogen
implantation into InSb. Since optical experimental tech-
niques are of limited use for characterizing extremely
narrow gap semiconductors and semimetals because of
the Moss-Burstein shift, the nitrided InSb has been in-
vestigated by high-resolution electron-energy-loss spec-
troscopy (HREELS).

The samples used were from a bulk grown wafer of
InSb(111)A (Ge doped, p ~ 1 X 105 cm™3). These InSb
surfaces were prepared in situ by 45 min of 2 keV N,* ion
bombardment at normal incidence using a sample current
of 4 mA, giving a total ion dose of 4 X 10'® cm™~2. This
was followed by a 60 min radiative anneal at 550 K. X-ray
photoelectron spectroscopy (XPS) of the In 3d, Sb 3d,
and N 1s core level spectra was performed using a
Scienta ESCA300 spectrometer, employing a high-power
(3.5 kW) rotating anode and monochromated Al-K,
source (hv = 1486.6 eV), high transmission electron op-
tics, and a multichannel electron detector. Emissions
angles of 90° and 30° were used to vary the effective
photoelectron escape depth to assess the uniformity of
the bombarded layer in the near-surface region. The
HREELS experiments were performed using a specular
scattering geometry with an incident and scattered polar
angle of 45°.
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An XPS spectrum of the N 1s region, recorded
at normal emission after N, ion bombardment and an-
nealing (IBA) of the InSb(111)A, is shown in Fig. 2.
Deconvolution of the spectrum was achieved by peak
fitting using a Shirley background and a series of Voigt
functions. There are three contributions to the N 1s spec-
trum: substitutional N bonded to In at a binding energy of
396.9 eV, N bonded to both In and Sb (In-N-Sb) at 397.9 eV
[15,16], and N-Sb at 399.0 eV [17,18]. The N bonded to In
contributes (72 * 3)% of the total N 1s signal at both
emission angles. The composition of the nitrided layer has
been determined from the areas of the In 3d, Sb 3d, and
N 1s core level spectra, taking account of the different
atomic sensitivity factors. Since only N substituted on
group V sites contributes to the characteristic band struc-
ture modification of dilute III-V nitrides, only the N-In
component of the N 1ls spectrum was included. The
compositions determined from XPS spectra recorded us-
ing normal emission are 50.5% In, 46.5% Sb, and 3.0% N,
and, at grazing emission are 53.2% In, 43.9% Sb, and
2.9% N. These translate into an approximate alloy com-
position of InNy ogSbgo4. The proportion of N does not
change significantly with emission angle, suggesting that
the alloy composition is approximately uniform over the
depth of ~60 A probed by the XPS. The slight increase in
the relative amount of In at the more grazing emission
angle is because, as indicated by low energy electron
diffraction, the InSb(111)A surface exhibited an In-rich
(2 X 2) reconstruction after N, IBA.
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FIG. 2. An XPS spectrum of the N 1s region (dots) recorded
using normal emission from InSb(111)A after N, ion bombard-
ment and annealing. The deconvolution of the spectra into the
different chemically shifted components (vertically offset thin
lines) and the sum of these contributions (thick line) are also
shown.
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Using HREELS to study conduction band electron
plasmon excitations, the variation of the electronic prop-
erties with depth can be probed by changing the kinetic
energy of the impinging electrons so that different par-
allel wave vectors are excited, altering the effective
maximum probing depth in the range 100—1000 A A
series of normalized HREEL spectra, recorded with a
range of incident electron energies (E;) from the nitrided
InSb, is shown in Fig. 3, along with dielectric theory
simulations. The shoulder on the loss energy side of the
elastic peak, which increases in intensity as E; is reduced,
is due to Fuchs-Kliewer surface phonon excitations at
23 meV. The other feature of the spectra is the plasmon
peak centered at 59 meV at 5 eV and the 20 meV downward
dispersion it undergoes as a function of increasing E;
[Fig. 3(b)]. This can be explained in terms of the existence
of a region close to the surface of higher plasma fre-
quency than in the bulk. As the incident electron energy is
increased, the effective probing depth increases and so the
higher plasma frequency layer contributes proportionally
less to the electron-energy-loss spectrum.

This explanation is quantitatively confirmed by semi-
classical dielectric theory simulations of the HREEL
spectra. A layered model of the sample is used to ap-
proximate the smooth variation of the plasma frequency
with depth. We have applied this approach previously to
successfully describe the dielectric response in the near-
surface region of narrow gap III-V semiconductors
[19,20]. Briefly, simulations are generated using a local
dielectric function for each one of several uniform layers.
The layer dielectric functions each contain a background
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FIG. 3. (a) Probing energy-dependent experimental HREEL
spectra recorded from InSb(111)A following N, IBA (dots),
and corresponding dielectric theory simulations (solid lines).
(b) The plasmon peak position as a function of the incident
electron energy.
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term, a phonon term, and a plasma term based on the
hydrodynamic model. A five-layer model was employed,
consisting of a 20 A plasma-free “dead” layer (to repre-
sent the quantum mechanical decline of the electron
wave functions to zero at the surface), a second 150 A
thick layer with a plasma frequency of 65 meV, two
further layers with plasma frequencies of 47 and 32 meV,
and a semi-infinite bulk layer with a plasma frequency of
12 meV. This layered structure of the near-surface region
was used to reproduce the variation of the phonon and
plasmon peak energy and intensity with probing electron
energy. The first and second layers used in the HREELS
simulations are associated with the InNgsSbggs alloy
detected by XPS. The other layers represent the region
from the InN osSbg ¢4 layer to the bulk InSb.

The band structure of the InN4sSbgos near-surface
layer has been calculated and indicates that the E_
CBM is 240 meV below the VBM as shown in Fig. 4.
The E_ conduction band dispersion relation has been
used to calculate the carrier statistics of this layer, in-
cluding the plasma frequency and the effective mass at
the Fermi level as a function of carrier concentration [12].
The plasma frequency of 65 meV in the InNg 46Sbg 94 layer
corresponds to a free electron density, n, of 1.6 X
10" cm™ and a Fermi level of 140 meV above the
CBM (Fig. 4). Donorlike defects, such as the Sb vacancy,
created by the implantation process, contribute to the
enhanced plasma frequency and raise the Fermi level in
the near-surface region with respect to the CBM.

A depletion layer of greater than 60 A (depending on
the bulk doping level) normally exists at the surface of
InSb as a result of Fermi level pinning by occupied
negatively charged acceptor-type surface states, N,
that lie close to the effective midgap energy (the

VBM
NA
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............................................................ EF
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CBM
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FIG. 4. The conduction band minimum (CBM) and valence
band maximum (VBM) with respect to the Fermi level for
InNj 06Sbg.94. Also shown at the surface (z = 0) are the accep-
tor-type surface states, N4, located below the VBM and above
Er, making them neutral.
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I'-point VBM in InSb) [21,22]. Since the addition of
nitrogen only lowers the conduction band edge in a nar-
row region of k space, the effective midgap energy across
the entire Brillouin zone remains similar to that in InSh.
Therefore, the acceptor-type surface states in InN,Sb;_,
still lie close to the I'-point VBM. This observation has
been confirmed with the detection of depletion layers by
HREELS in InN,Sb,_, alloys grown by molecular beam
epitaxy with x <0.01 [23]. Further, damage-induced
donor defects are insufficient to explain the absence of a
surface depletion layer as indicated by the HREELS
results. If donor defects alone were responsible for the
charge profile, a surface depletion layer would still be
present, as in the case of Ar" ion bombarded and an-
nealed InSb surfaces [24]. The lack of a depletion layer at
the surface of the InN ¢6Sbg ¢4 is explained by the Fermi
level being below the acceptor-type surface states, mak-
ing them unoccupied and therefore neutral. No surface
depletion layer forms as there is no surface charge to be
neutralized. The surface Fermi level is also known to be
above the CBM from the aforementioned 65 meV plasma
frequency and carrier statistics calculations. The VBM
being above the Fermi level and the CBM being simulta-
neously below the Fermi level means that the VBM is
above the CBM—the band gap in the near-surface layer is
negative.

Low energy N, implantation into InSb at normal in-
cidence results in the formation of a thin layer of dilute
InN,Sb, _, alloy. Surface chemical analysis indicates that
approximately 6% of the group V lattice sites are occu-
pied by isoelectronic nitrogen bonded to indium atoms.
Calculations employing a k - p Hamiltonian to describe
the interaction between the resonant nitrogen level and
the InSb conduction band predict a semimetallic band
structure for this alloy composition. HREELS investiga-
tions of the nitrided layer indicate that a negative band
gap alloy has been formed by the nitrogen-induced shift
of the conduction band. The absence of surface electron
depletion indicates that the surface Fermi level is below
the VBM and the near-surface electron plasma frequency
locates the surface Fermi level above the CBM. These two
factors can be reconciled only by the existence of a
negative band gap due to the nitrogen-induced changes
to the band structure, in agreement with the predictions of
the k - p calculations.
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