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Abstract
The application of electron spectroscopies in dilute nitride semiconductor
research for both chemical analysis and the determination of electronic and
lattice vibrational properties is described. X-ray photoelectron spectroscopy of
the nitrogen bonding configurations in dilute InNx Sb1−x and InNxAs1−x alloys
is presented. High resolution electron-energy-loss spectroscopy (HREELS) of
the plasmon excitations in InNx Sb1−x is shown to provide information on the
electronic properties of the material, before and after annealing. HREELS is
also used to investigate the GaN-like phonon modes in GaNx As1−x alloys.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The substitution of nitrogen onto a few per cent of the group V lattice sites in conventional
III–V semiconductors results in a large reduction in the band gap [1]. This enormous band gap
bowing in ‘dilute nitrides’ is shown for GaNAs, InNAs and InNSb in figure 1. By contrast,
the deviation from a linear variation of the band gap with composition is small in other ternary
III–V alloys, also illustrated in figure 1 for GaInAs, a mixed cation alloy, and InAsSb, a mixed
anion alloy. Another distinct difference between conventional III–Vs and dilute nitrides is also
depicted. Normally, when a third element is added to a binary III–V to reduce the band gap, the
lattice constant is increased. Conversely, the addition of nitrogen reduces the band gap while
simultaneously reducing the lattice constant. Extensive research has recently been focused
on the quaternary alloy, Ga1−yInyNxAs1−x , which exploits this property of dilute nitrides,
allowing it to be lattice matched to GaAs with an emission wavelength in the 1.3–1.55 µm
range that is important for optical communications technology [2]. Many different band gap
wavelength ranges are also potentially accessible with the other less widely studied dilute
nitrides.
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Figure 1. The band gap for several III–V semiconductors as a function of the lattice constant.
A small amount of band gap bowing is exhibited by both conventional mixed cation and mixed
anion III–V ternary alloys (e.g. Gax In1−x As and InAsx Sb1−x ). By contrast, III–Nx –V1−x alloys
undergo enormous band gap bowing. For 0 � x � 0.1, the dilute nitride band gaps (solid curves)
are calculated using k · p theory, modified (as described in section 4) to include the effects of the
localized nitrogen states. For the remaining composition range, the plotted band gap variation is
merely a schematic extrapolation to illustrate the possible extent of the band gap bowing (dashed
curves). Vegard’s law is applied throughout to obtain the lattice constants from the compositions.

The core experimental techniques of dilute nitrides research are high resolution x-ray
diffraction (HRXRD) analysis and secondary ion mass spectrometry (SIMS), to quantify the
amount of nitrogen in a particular alloy, and photoluminescence, along with other optical
techniques, to determine the band gap. Amongst the numerous other techniques that can be
exploited to elucidate the properties of dilute nitrides are electron spectroscopies, including
ultraviolet photoelectron spectroscopy (UPS), x-ray photoelectron spectroscopy (XPS) and
high resolution electron-energy-loss spectroscopy (HREELS). Photoemission spectroscopies
have been extensively used to probe the interface electronic properties of conventional
III–V semiconductors, such as Schottky barrier heights and heterojunction band offsets [3, 4],
but have yet to be widely applied to dilute nitrides [5]. We have used two of these electron
spectroscopies, XPS and HREELS, to investigate the nitrogen bonding configurations and
collective excitations in dilute nitrides, concentrating on the less widely studied narrow gap
dilute nitrides.

In contrast to the extensive research undertaken on GaNAs and GaInNAs alloys, there have
been relatively few investigations of dilute nitride alloys of the narrow gap III–Vs, which have
the potential to compete with HgCdTe in far-infrared applications, such as thermal imaging and
detection of environmentally important gases [6]. Alloying nitrogen with InSb can extend the
cut-off wavelength from 7 µm at 300 K into the 8–12 µm atmospheric transition band where
gases such as SO2, NH3, O3 and CO2 all have absorption lines [7]. Indeed, time-resolved
optical measurements have been used to observe an absorption edge of 11 µm at 290 K in an
alloy with a nominal composition from SIMS analysis of InN0.035Sb0.965 [8]. While only a
few studies of the properties of bulk InNAs epilayers exist [9, 10], laser structures with both
single and multiple InNAs/InGaAs(P)/InP quantum wells have been successfully fabricated for
2–5 µm mid-infrared applications [11, 12]. Comprehensive characterization of InNAs is also
desirable as it is one of the components of GaInNAs alloys. Enhanced understanding of this
technologically important quaternary alloy can be provided by investigating both GaNAs and
InNAs alloys.
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In this short review, we describe the application of these two electron spectroscopies to
the study of dilute nitrides, using detailed examples from our own research. Section 2 contains
the details of the epitaxial growth of the samples used. In section 3, two examples of XPS
of nitrogen bonding configurations in InNx Sb1−x and InNx As1−x are presented. HREELS of
plasmon excitations is shown, in section 4, to provide information on electronic properties
of InNx Sb1−x alloys. Section 5 describes a HREELS investigation of phonon excitations in
GaNx As1−x alloys. In the final section, conclusions from the preceding electron spectroscopy
results are outlined.

2. InNSb, InNAs and GaNAs: epitaxial growth

The InNx As1−x and GaNx As1−x samples were grown by solid-source molecular beam
epitaxy (MBE) at the EPSRC National Facility for III–V Technologies, using a turbo-pumped
VG 80 system equipped with an Oxford Applied Research (OAR) HD25 RF plasma nitrogen
source on Zn-doped p-type InAs(001) and semi-insulating GaAs(001) substrates, respectively.
A regulated supply of purified nitrogen gas was provided to the RF source by means of a
piezoelectric-controlled leak valve. The samples were grown with a substrate temperature of
375 ◦C. The nitrogen content of the InNxAs1−x sample used in the XPS study was determined
by means of XRD to correspond to x = 0.028. The XRD of the particular GaNx As1−x epilayer
used in the HREELS work indicated a composition of GaN0.104As0.896. The layer thicknesses
were 300 nm for both alloys and the layers were relaxed.

The InNx Sb1−x samples were grown at QinetiQ Ltd, Malvern, UK, on an InSb buffer
layer on semi-insulating GaAs(001) substrates by solid-source MBE, using a VG Semicon
V80H system, equipped with an Astex AX4300 electron cyclotron resonance (ECR) plasma
nitrogen source. Hydrogen was also introduced to the ECR source to enable the plasma to
be sustained at low nitrogen pressures. The samples were grown with a substrate temperature
of 380 ◦C. The total nitrogen content of the InNx Sb1−x samples was determined by SIMS.
Further details of the sample growth have been presented elsewhere [6]. The surfaces of
the InNxSb1−x , InNx As1−x and GaNxAs1−x epilayers were prepared in situ for the electron
spectroscopy analysis by a two-stage atomic hydrogen cleaning (AHC) process [13]. This
consisted of a 5–10 kL dose of H2 at room temperature followed by a 5–10 kL dose at a sample
temperature of 300 ◦C for the InNx Sb1−x and InNx As1−x , and 350 ◦C for the GaNx As1−x .
Each 5–10 kL dose took 20–40 min using a hydrogen gas pressure of ∼5 × 10−6 mbar. The
molecular hydrogen was thermally cracked to atomic hydrogen with an efficiency of ∼50%,
using an OAR TC-50 thermal gas cracker.

3. Nitrogen bonding configurations in III–N–V alloys

Evidence of non-substitutional nitrogen in III–Nx–V1−x alloys has been provided by
comparison of data from HRXRD analysis and SIMS. While SIMS measures the total nitrogen
content irrespective of the location of the nitrogen atoms, HRXRD analysis gives the change
in the lattice constant caused by substitution of nitrogen on anion lattice sites. Nitrogen
concentrations measured by SIMS in GaNx As1−x have been found to exceed those determined
using HRXRD by up to 30% for x � 2.5%, indicating the presence of significant concentrations
of non-substitutional nitrogen [14, 15]. Using XPS and ion channelling experiments, Spruytte
et al [16] confirmed the existence of interstitial nitrogen in GaNx As1−x grown by MBE for
x � 2.9%. Upon rapid thermal annealing (60 s at 760 ◦C), all of the nitrogen was found to be
located substitutionally on anion lattice sites.
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Figure 2. X-ray photoelectron spectra (dots) of the N 1s core level in InN0.028As0.972 and InN.
Both N 1s spectra are fitted (solid curves) with a single component at a binding energy of 397.0 eV,
indicating that all the nitrogen is bonded solely to indium.

The nitrogen content determined by SIMS was also found to exceed that indicated by XRD
analysis in MBE-grown InNx Sb1−x alloys [7]. Here, the results of an XPS investigation of
the nitrogen bonding configurations in MBE-grown InNx Sb1−x and InNx As1−x are presented.
XPS analysis of the In 3d, As 2p and 3d, Sb 3d, C 1s, O 1s and N 1s core level spectra
was performed using a Scienta ESCA300 spectrometer at the National Centre for Electron
Spectroscopy and Surface Analysis, Daresbury Laboratory, UK. This incorporates a rotating
anode Al Kα x-ray source (hν = 1486.6 eV), x-ray monochromator and 300 mm mean radius
spherical-sector electron energy analyser and parallel electron detection system. The analyser
was operated with 0.8 mm slits and at pass energies of 150 eV for the InNAs and InN spectra
and 500 eV for the InNSb spectra. Gaussian convolution of the analyser broadening with an
effective linewidth of the 0.27 eV for the x-ray source gives effective instrument resolutions
of 0.45 eV for a pass energy of 150 and 0.85 eV for a pass energy of 500 eV. Binding energies
are referenced to the Fermi level of an ion bombarded silver sample which is regularly used
to calibrate the spectrometer.

The N 1s XPS spectrum from an InNx As1−x sample, with a composition determined from
XRD of InN0.028As0.972, is shown in figure 2. The N 1s region recorded from an InN ‘reference’
sample is also shown to illustrate the binding energy of 397.0 eV of N 1s photoelectrons from
nitrogen bonded to indium. The steep sloping background of the N 1s spectrum from InNAs is
the high binding energy tail of the As L3M23M45 Auger peaks at between 350 and 390 eV. The
small peak at a binding energy of 397.0 eV is associated with nitrogen bonded to indium. No
other chemically shifted N 1s components are present, indicating the absence of other nitrogen
bonding configurations in the InNAs. The InN and InNAs spectra have been curve fitted using
a Shirley background and Voigt functions each with a full width at half-maximum of 0.9 eV,
consisting of 20% Lorentzian and 80% Gaussian lineshapes. Both spectra are well fitted by a
single peak at 397.0 eV, confirming that the only nitrogen bonding configuration in the InNAs
is N–In bonding.

The N 1s XPS spectra from an InNx Sb1−x sample, with a nominal nitrogen content of
1% from SIMS analysis, are shown in figure 3. All of the spectra have again been fitted
with a Shirley background and a series of Voigt functions each with a full width at half-
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Figure 3. X-ray photoelectron spectra (thin curves) of the N 1s core level of InNSb with 1%
nitrogen as determined by SIMS, recorded (a) after atomic hydrogen cleaning (AHC) and (b) after
annealing at 300 ◦C for 8 h. The curve fitting (thick curves) of the separate chemically shifted
components of the spectra is also shown.

maximum of 1.2 eV. Additionally, in the curve fitting, the position of each chemically shifted
component was constrained to be at the same binding energy for all spectra recorded from
several InNx Sb1−x samples. After AHC, there was no observable intensity in the C 1s region,
no oxide components apparent in the In 3d or Sb 3d region, and no O 1s peak was visible,
indicative of complete removal of the native oxides and the hydrocarbon contamination. The
N 1s region recorded after AHC is shown in figure 3. The peak at 396.9 eV is due to N–In
bonding [17]; that is, N located substitutionally on group V sites, which causes the band gap
reduction in dilute III–N–V materials. By analogy with the binding energies of N bonded to
P in InP [17], the peak at 398.6 eV is assigned to N–Sb bonding. The peaks at 399.7 and
400.7 eV are due to −NH2 and −NH3 complexes, respectively [18, 19]. The area of the N–In
component is approximately 30% of the total N 1s spectrum. The ‘active’ nitrogen content
in this sample is therefore estimated, using the total nitrogen concentration from SIMS, to be
0.3%.

The N 1s spectrum recorded after annealing (8 h at 300 ◦C) is shown in figure 3(b). The
−NH3 peak is no longer present and the −NH2 peak intensity has decreased. The N–Sb peak
has remained unchanged, and the N–In peak has increased in intensity. These changes suggest
that the annealing process has removed hydrogen from the N–H complexes and increased the
degree of anion substitution. The total area of the N 1s peaks remained constant, indicating
that no nitrogen was removed by annealing. The area of the N–In component is approximately
70% of the total N 1s spectrum, indicating that the ‘active’ nitrogen content after this annealing
treatment is 0.7%. These determinations of the nitrogen content are used to interpret the
HREELS data on the electronic properties of InNx Sb1−x presented in section 4.

4. Plasmon excitations in III–N–V alloys

The electronic properties of dilute nitride epilayers can be investigated by using inelastic
electron scattering to probe the collective excitations of the conduction band electrons [13, 20].
The energy of these plasmon excitations, ωp, is related to the electron density and effective



S3206 T D Veal et al

Figure 4. Experimental specular HREEL spectra (dotted curves) recorded using 30 eV electrons
from InNx Sb1−x grown by MBE after (a) atomic hydrogen cleaning (black, top); and (b) AHC
and annealing at 300 ◦C for 8 h (red, bottom). Semiclassical dielectric theory simulations of the
spectra are also shown (solid curves).

mass by

ωp =
(

ne2

ε0ε(∞)m∗
F

)1/2

(1)

where n is the conduction electron density, e is the electronic charge, ε0 is the permittivity
of free space, ε(∞) is the high frequency dielectric constant and m∗

F is the effective mass
at the Fermi level. In HREELS, monoenergetic low energy electrons exchange energy and
momentum with the long wavelength (100–1500 Å) dipole fields of the plasmon excitations.
The probing electrons do not enter the sample and are specularly reflected from the sample
surface into an energy analyser to produce energy-loss spectra. By varying the energy of the
probing electrons, the wavevector transfer parallel to the surface is altered and the electron
plasma at depths of between 100 and 1500 Å can be surveyed [21]. This allows both the
surface space-charge region and the bulk of epilayers to be investigated.

In this case, HREELS has been employed to probe the electronic structure in the near-
surface region of InNx Sb1−x alloys as a function of annealing. The HREELS experiments
were performed using a specular scattering geometry with an incident and scattered polar
angle of 45◦. The resolution of the HREEL spectrometer determined from the full width at
half-maximum of the elastic peak was 12 meV.

Specular HREEL spectra recorded using an incident electron energy of 30 eV from
InNxSb1−x are shown in figure 4 following both AHC and an 8 h anneal. The two features
of these spectra are a shoulder on the elastic peak at 23 meV due to Fuchs–Kliewer surface
phonon excitations (discussed in detail for GaNxAs1−x in section 5), and the peak at higher
loss energy (60–70 meV) due to conduction band electron plasmon excitations. The plasmon
peak position decreased from 65.5 meV for the AHC InNx Sb1−x epilayer to 61.5 meV after the
8 h anneal. HREEL spectra recorded over an incident electron energy range of 7–60 eV were
simulated using semiclassical dielectric theory [22]. Simulations of the spectra are required
to obtain the true plasma frequency from the spectra because the observed plasmon peak
position is influenced by the band bending, spatial dispersion and plasmon damping. The
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Figure 5. The dispersion of the conduction subbands (E+ and E−) and light and heavy hole valence
bands (Vlh and Vhh) calculated for InNx Sb1−x with x = 0.003 (solid black curve, lower E+ band
and upper E− band) and 0.007 (solid red curve, upper E+ band and lower E− band) from a 5×5 k·p
Hamiltonian incorporating the nitrogen level. The split-off valence band is also included (but is not
shown here). The conduction band profile for InSb, Ec, calculated from a 4 × 4 k · p Hamiltonian,
is plotted for comparison (dashed curve), along with the nitrogen level, EN, at 740 meV (dashed
curve).

plasma frequency used in the simulations can then be used, along with calculations of the
semiconductor statistics, to find the corresponding carrier concentration from equation (1).
A two-layer model was used, consisting of a 70 Å thick plasma-free depletion layer and a
semi-infinite bulk layer, where each layer has its own frequency- and wavevector-dependent
hydrodynamic dielectric function:

ε(ω, q) = ε(∞)

[
1 +

(ε(0) − ε(∞))ω2
TO

ε(∞)(ω2
TO − ω2 − iωγ )

− ω2
p

ω2 − β2q2 + iω/τ

]
(2)

where ω is the frequency, ε(0) and ε(∞) are the static and high frequency dielectric constants,
ωTO and γ are the transverse optical phonon frequency and phonon damping coefficient, ωp

and τ are the plasma frequency (zero in the depletion layer) and plasmon lifetime, and β is the
spatial dispersion coefficient.

The bulk plasma frequencies used in the simulation of the spectra from the InNx Sb1−x

epilayer recorded after AHC and an 8 h anneal were 68.5 and 65.5 meV, respectively. The
observed plasmon peaks in the HREEL spectra occur at loss energies lower than the bulk
plasma frequency because of the effect of the depletion layer. The plasmon lifetime used to
simulate the 60 eV spectrum decreased from 0.064 ps for the AHC InNx Sb1−x alloy to 0.048 ps
after annealing for 8 h.

To translate the plasma frequencies extracted from the HREELS simulations of InNx Sb1−x

before and after annealing to carrier concentrations requires knowledge of the band structure.
The introduction of nitrogen into a III–V semiconductor results in the formation of a narrow
resonant nitrogen band that is situated close to the conduction band edge. The interaction of
the extended � states of the conduction band of the host semiconductor with the localized
N-induced resonant states results in the formation of two non-parabolic subbands E− and E+

whose dispersion is modelled using a k · p Hamiltonian [23, 24]. The E− band has mainly
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Figure 6. The effective mass at the Fermi level and the carrier concentration calculated as a function
of the Fermi level for InNx Sb1−x with x = 0 (dashed curve), 0.003 (black curves, lower solid lines)
and 0.007 (red curves, upper solid lines). The black and red dots denote the particular values of
the effective mass and carrier concentration before and after annealing, respectively.

conduction band-like character, whereas the E+ subband is due to the EN-like states. The
parameters for the k ·p Hamiltonian have been determined by fitting the resulting E± subbands
to the tight binding band structure of InNxSb1−x . Details of the tight binding calculation can
be found in [23] and references therein. The dispersion of the E± subbands can be determined
by finding the eigenvalues of the 2 × 2 determinant∣∣∣∣ EM − E β

√
x

β
√

x [EN − (α + γ )x] − E

∣∣∣∣ = 0 (3)

where α = 2.44 eV, β = 1.99 eV, γ = 2.47 eV, EN = 0.74 eV is the nitrogen level,
and EM is the host conduction band [25]. The change in the nitrogen level due to the
increased concentration of N pairs with increasing x content is accounted for by γ in the
above expression [24]. However, this becomes a 5 × 5 Hamiltonian when conventional k · p
theory is included to account for the intrinsic non-parabolicity of the host InSb, due to the
interaction between the valence bands and the conduction band.

The conduction band profiles for InNx Sb1−x are shown in figure 5 for x = 0, 0.003 and
0.007 that have been calculated from the conventional and modified k · p Hamiltonians. The
conduction band dispersion in InNx Sb1−x is significantly different from that in InSb. The
interaction of the nitrogen level with the conduction band causes the band gap to decrease as
x is increased. The conduction band also undergoes a distinct flattening as it approaches the
nitrogen level, resulting in enhanced effective masses at large wavevectors.

The electron dynamics (that is, the interdependence of the plasma frequency,ωp, the carrier
concentration, n, and the effective mass at the Fermi level, m∗

F) can consequently be calculated
by manipulating the E− conduction band dispersion relation calculated for InNx Sb1−x . This
is achieved by first numerically integrating the product of the Fermi–Dirac distribution and
the density of states in the conduction band to determine the concentration of conduction
electrons. Further, the effective mass can be calculated as a function of the Fermi level by
exploiting its dependence on the curvature of the conduction band. Finally, the results of the
first two calculations are then used to compute the plasma frequency using equation (1), where



Electron spectroscopy of dilute nitrides S3209

Table 1. The composition (from SIMS and XPS) and electronic properties of the InNx Sb1−x

sample before and after annealing. The values correspond to the bulk plasma frequencies obtained
from the simulations of the HREEL spectra. They were determined from the semiconductor
statistics calculated from the k · p band structure from a 5 × 5 Hamiltonian.

Unannealed Annealed

x 0.003 0.007
Eg (meV) 146 110
λ (µm) 8.5 11.3
ωp 68.5 65.5
n (1018 cm−3) 2.1 1.8
m∗

F 0.0391 0.0379
EF above VBM (meV) 361 325

the mass of the free carriers forming the plasma is that at the Fermi level. The result of these
calculations with x = 0, 0.003 and 0.007 for InNxSb1−x is shown in figure 6. The electronic
properties of the InNx Sb1−x sample before and after annealing are presented in table 1.

These annealing-induced changes in the electronic properties can be explained in terms
of the observed changes in nitrogen bonding configurations induced by annealing (described
in section 3). The changes in nitrogen bonding observed by means of XPS, which has a
maximum effective probing depth of ∼60 Å, are assumed to be representative of the changes
that occur over the probing depth of HREELS of 100–1000 Å. The reduction of the plasma
frequency is due to a reduction of the conduction electron density. The high carrier density
in the unintentionally doped samples is due to nitrogen plasma-induced damage [6], with
Sb vacancies acting as donors. Annealing may result in the repair of some of these defects,
lowering the donor density and the electron concentration. The reduced electron density could
also be due to an increased concentration of acceptors. The reduced plasmon lifetime suggests
an increase in the density of ionized impurities, enhancing the scattering rate.

The XPS results demonstrated that annealing removes hydrogen from N–H complexes,
leaving more N bonded to In and increasing the x value from 0.003 to 0.007 in the alloy
composition InNxSb1−x . Both experimental and theoretical studies have shown that N is an
isoelectronic acceptor in GaNP, GaNAs and GaInNAs [26, 27] and that N–H complexes are
electrically inactive [26, 28]. Our results suggest that H and N have the same effect in InNSb.
Upon annealing, H is removed from neutral N–H complexes and diffuses out of the material.
This leaves a greater concentration of N acceptors (electron traps) which results in a decreased
conduction electron density and reduced plasma frequency. The additional acceptors also
cause enhanced ionized impurity scattering, reducing the plasmon lifetime.

5. Phonon excitations in III–N–V alloys

In addition to providing information about the collective excitations of the conduction
electrons, HREELS can also be used to probe the collective excitations of the lattice in III–V
semiconductors. Specifically, in the specular reflection scattering geometry where the dipolar
interaction regime dominates the inelastic electron scattering, the phonon excitations probed
are long wavelength optical surface phonons that are known as Fuchs–Kliewer (FK) modes,
their existence having been theoretically predicted by Fuchs and Kliewer [29]. In these long
wavelength optical surface phonons, the cation and anion sublattices vibrate in opposite phase
[30]. Both GaAs-like and AlAs-like FK phonon modes have previously been observed by
HREELS in AlxGa1−x As alloys [31, 32]. Bulk phonons, that have been extensively studied
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Figure 7. Specular HREEL spectra recorded with an incident electron energy of 10 eV from
GaAs, GaN0.104As0.896 and GaN (points) and the corresponding dielectric theory simulations (solid
curves). The intensity of the GaN spectrum is shown multiplied by 0.2 to fit in the extremely intense
GaN FK phonon peak. The parameters used in the simulations of all of the spectra are given in
table 2.

in III–V materials by Raman scattering, have vibrational frequencies similar to those of FK
modes, but they are inaccessible to HREELS in reflection geometry. Raman scattering has
also been used to investigate bulk phonon modes in dilute nitride alloys. For example, in
GaNx As1−x alloys, the Raman spectra exhibit a two-mode behaviour, where the GaAs-like
longitudinal optical phonon peak red shifts as x is increased, while the GaN-like phonon
mode blue shifts [33]. Here we present an HREELS study of the FK phonon spectra of
GaN0.104As0.896 and compare them with spectra of the FK phonons in GaAs and GaN.

A set of HREEL spectra recorded from GaAs, GaN0.104As0.896 and GaN with an electron
energy of 10 eV are compared in figure 7. The main feature in the GaAs spectrum (to the right
of the elastic peak) is an intense loss peak at 35.9 meV. This peak is assigned to the GaAs
Fuchs–Kliewer surface optical phonon [34]. The energy-gain peak (to the left of the elastic
peak) at −35.4 meV is related to the corresponding energy-loss peak by the Boltzmann factor,
exp(h̄ω/kT) [30]. Additionally, an overtone peak (FK2) can be seen at 71.8 meV, twice the
loss energy of fundamental FK1 mode. The same FK phonon features appear in the GaN
HREEL spectrum, but with the single-phonon loss peak at 88.0 meV. The positions of the
multiple-phonon peaks for all three samples are given in table 2.

The GaN0.104As0.896 HREEL spectra exhibit both GaAs-like and GaN-like FK phonon
peaks. The GaAs-like FK1 phonon peak has shifted slightly down in loss energy to 35.5 meV
and is also less intense than in the pure GaAs spectrum. The GaN-like FK1 phonon peak is
at a loss energy of 59.4 meV (479 cm−1). This is very close to the LO2 bulk phonon band at
58.2–58.9 meV, previously observed by Raman scattering in GaNx As1−x for x � 0.05 [35].
This phonon feature in the Raman spectra is also referred to as a local vibrational mode (LVM)
since it is associated with local Ga–N vibrations in what is predominantly a GaAs lattice [36].
Similarly, the GaN-like FK phonon mode frequency observed in GaN0.104As0.896 is significantly
lower than the FK phonon frequency in pure GaN because it is the localized mode frequency
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Figure 8. The stages of the semiclassical dielectric theory simulation process: (a) the single-
scattering classical loss spectrum; (b) the multiple-scattering spectrum; and (c) the full 10 eV
simulation (solid curve). Also shown with spectrum (c) is the 10 eV experimental data (dotted
curve).

Table 2. Semiclassical dielectric theory simulation parameters and the GaAs-like and GaN-like
FK phonon mode frequencies observed in the HREEL spectra from GaAs, GaN0.104As0.896 and
GaN.

GaAs GaN0.104As0.896 GaN

GaAs FK1 (meV) 35.9 35.5 —
GaAs FK2 (meV) 71.8 71.0 —
GaN FK1 (meV) — 59.4 88.0
GaN FK2 (meV) — — 176.0
(GaAs + GaN) FK1 (meV) — 94.9 —

ε(∞) 10.9 10.3 5.4
ε(0) 12.9 12.6 9.9
ωTOGaAs (meV) 32.8 32.8 —
ωTOGaN (meV) — 58.8 66.1

of a nitrogen atom in a GaAs lattice. The peak at 59.4 meV in the GaN0.104As0.896 spectra
has a high energy-loss shoulder that is due to the overtone of the GaAs-like FK phonon at
71.0 meV. The remaining feature of the spectra, a low intensity peak at 94.9 meV, is attributed
to a combination mode of GaAs-like and GaN-like FK1 phonons. This peak is visible in
figure 8(c), where the intensity scale has been magnified for loss energies greater than 80 meV.

The exchange of energy between the probing electrons and the polarization field arising
from the collective excitations of the lattice results from long range Coulomb interaction and
can be described by the semiclassical dielectric theory within the methodology of Lambin
et al [22]. Firstly, the single-scattering classical loss probability spectrum of the target is
computed for an electron travelling along a specularly reflected trajectory. In this spectrum
((a) in figure 8), only two single-loss peaks appear, the GaAs-like and GaN-like FK phonon
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modes; no gain peaks or multiple excitations are present. The complete electron-energy-loss
spectrum, which includes multiple-scattering events for a non-zero target temperature, is then
obtained via a Bose–Einstein thermodynamic average of the quantized surface excitations.
This is shown as spectrum (b) in figure 8, where the GaAs-like and GaN-like FK phonon peaks
can again be seen. The multiple-excitation modes are now apparent, with the overtone of the
GaAs-like FK phonon peak at 71.0 meV and the combination mode of GaAs-like plus GaN-
like FK phonon at 94.9 meV being reproduced. Direct comparison of this computed spectrum
with experimental data is then made possible by performing a convolution with a model of the
instrumental response of the spectrometer. The resulting final simulation is shown as a solid
curve in spectrum (c) in figure 8 with the experimental data. The dielectric function used to
simulate the experimental HREEL spectra recorded from GaN0.104As0.896 is

ε(ω) = ε(∞) + x

[
[ε(0) − ε(∞)] ω2

TOGaN

ω2
TOGaN

− ω2 − iγGaNω

]
+ (1 − x)

[
[ε(0) − ε(∞)] ω2

TOGaAs

ω2
TOGaAs

− ω2 − iγGaAsω

]
(4)

where the parameters are defined as for equation (2) and the dielectric function has three
components, for the background, the GaAs-like and the GaN-like FK phonons. A composition-
dependent prefactor has also been inserted before each phonon term. The static and high
frequency dielectric constants used in this expression have been linearly interpolated for
GaN0.104As0.896 using the GaAs and GaN values as end points. Since wurtzite GaN is
anisotropic, effective dielectric constants εeff = √

ε⊥ε‖ have been used, where ε⊥ and ε‖
denote the dielectric constants perpendicular and parallel to the c-axis, respectively [37]. The
results of the HREELS simulations are shown in figures 7 and 8. The simulations of the GaAs
and GaN spectra were performed using a dielectric function with a single-phonon term. As
all of the samples were undoped, no plasmon term was required in the dielectric functions
to simulate energy loss due to conduction band electron plasmon excitations. The dielectric
constants and transverse optical phonon frequencies used in all of the simulations are given in
table 2.

Using x = 0.104 in the dielectric function (equation (4)), the simulations accurately
reproduce both the position and intensity of all the observed loss peaks. This x value is in
agreement with nitrogen content determined from XRD analysis. Changing this value of x
by more than 0.01 in the dielectric function resulted in simulations that deviated significantly
from the experimental spectra. The shift to lower loss energy of the GaAs-like FK phonon
peak in the GaN0.104As0.896 spectra is reproduced in the simulations using the same transverse
optical phonon frequency for the mode as for GaAs, by virtue of the nitrogen-induced changes
to the dielectric constants. A slightly lower transverse optical phonon frequency was used
for the GaN-like mode in GaN0.104As0.896 than for pure GaN. This is because the local GaN
vibrational frequency is influenced by the surrounding lattice. The localized mode frequency
of a nitrogen atom in a GaAs lattice is lower than the mode frequency of nitrogen in GaN.

6. Conclusions

The potential of electron spectroscopies for the investigation of a wide range of properties of
dilute nitrides has been demonstrated. Core level photoelectron spectroscopy has been used to
study the nitrogen bonding configurations in dilute III–N–V alloys. Post-growth XPS analysis
can determine why nitrogen contents obtained by XRD analysis and SIMS disagree. While
only N–In bonding was found in InNxAs1−x alloys, several nitrogen bonding configurations
were observed in InNx Sb1−x alloys.
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Nitrogen in the dilute InNx Sb1−x alloys grown using a mixed nitrogen and hydrogen
plasma has been found to be bonded to both In and Sb, and is also located in N–H complexes.
This explains the origins of the disagreement between compositions determined by SIMS
and XRD analysis. Annealing for 8 h at 300 ◦C partially removes hydrogen from N–H
complexes and increases the amount of N bonded to In. Plasma frequency measurements using
HREELS indicate that annealing decreases the conduction electron concentration. This is due
to the annealing removing H from neutral N–H complexes, leaving a greater concentration of
isoelectronic N acceptors, and may also be due to the annealing repairing donor-like defects.

The surface optical FK phonon spectra of GaNx As1−x have been investigated by HREELS.
Multiple excitations of both GaAs-like and GaN-like modes were observed. The localized
mode frequency of the GaN-like FK phonons in GaNx As1−x of 59.0 meV is very close to
the LO2 bulk phonon band or local vibrational mode previously observed in this alloy by
means of Raman scattering. The experimental spectra have been accurately simulated using
semiclassical dielectric theory. The phonon terms used in the dielectric function contain
composition-dependent coefficients whose values are in agreement with the composition
determined from XRD analysis.
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