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Raman scattering from coupled plasmon–longitudinal optical (LO) phonon
modes in polar semiconductors is an effective tool to determine electronic
properties, such as carrier concentration, mobility, carrier freeze-out, relaxation
times, etc., as well as to understand different types of electron (hole)–phonon
interactions. The physics of such coupling mechanism traditionally utilizes the
Drude dielectric permittivity that predicts an increase in coupled plasmon–LO
phonon mode (LPPþ) frequencies with an increase in carrier concentrations.
Herein, it is demonstrated that for n-type epitaxial scandium nitride (ScN) thin
films, the frequencies of the coupled plasmon–LO phonon Raman modes exhibit
red-shift with increasing carrier concentrations, which is contrary to the pre-
dictions from the Drude theory. Utilizing the generalized Lindhard dielectric
function that considers both the frequency and wave-vector components of free-
electron plasma, it is demonstrated that such a decrease in the frequencies of the
coupled plasmon–LO phonon mode in Raman spectra is related to the non-
conserved wave vectors due to inelastic scattering from magnesium (Mg)
impurities. Modeling of the experimental Raman line shape, intensity, and
frequencies illustrates that the wave-vector dependence of the coupled modes
decreases with increasing electron concentrations. An asymmetric broadening of
LO Raman modes is observed in films having large electron concentrations
(>1020 cm�3) that are explained by Fano resonance.

In heavily doped semiconductors, the free
carrier plasma interacts strongly with the
longitudinal optical (LO) lattice vibration
or phonons via their macroscopic electric
fields.[1–4] The dispersion relation of such
coupled plasmon–LO phonon modes,
denoted by LPP� ðq!Þ, is traditionally
explained by the Drude dielectric func-
tion[5,6] model of the free carrier plasma
and has been studied for long using
Raman spectroscopy.[7] For small wave vec-
tor ðq! ≅ 0Þ (nominal momentum transfer
of the incident and scattered photons),
the frequency of the LPP� mode for lower
carrier concentrations is less than that of
the transverse optical (TO) phonon fre-
quency and approaches to that of the TO
phonon frequency at higher carrier concen-
tration, whereas the frequency of the LPPþ

mode is higher than that of the LO phonon
frequency and increases with increasing
carrier concentrations.[3,4] The LPPþ mode
exhibits phonon-like characteristics at
lower carrier concentrations and becomes
plasmon-like at higher concentrations,
provided that the plasmon and phonon
damping constants are small, i.e., the

system is not overdamped.[3,4]

Since the first experimental observation of such effects in
n-type GaAs in the 1960s,[8] Raman scattering of such coupled
plasmon–LO phonon modes has become an alternative optical
tool to determine electron and hole concentrations, plasmon
and phonon relaxation times, carrier mobility, carrier
freeze-outs, etc. in several elemental and compound semicon-
ductors,[9–12] such as in n-type GaN, InN, SiC, graphene, etc.
The utility of this technique is particularly important for the
determination of the electrical properties of semiconductors
as it is not necessary to establish ohmic contacts (which could
be difficult to achieve, especially for semiconductor with low
carrier concentrations) and since the local resolution of this
technique is high compared with the electrical measurements,
limited only by the necessity of focusing the laser beam.[3]

Similarly, Raman scattering of the coupled mode has also been
useful as a nondestructive optical method for the determina-
tion of the electronic properties for nanostructured materials,
where electrical measurement is extremely challenging to
perform,[13–16] such as on nanowall networks, nanowires,
nanoplates, etc.
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Coupled plasmon–LO phonon modes of large wave vectors
ðq!Þ have also been observed in several semiconductors, such
as in heavily doped p-type C and Ge-doped GaAs,[17,18] n-type
Si-doped GaN nanowires,[16] n-type Al-doped ZnSe,[19] etc. The
large wave-vector transfer ðq!Þ arises from the nonconservation
of wave vector due to scattering by ionized impurities and affects
the line shapes of the coupled modes, causing a decrease in the
frequencies of the LO-like modes with increasing carrier concen-
trations.[16–19] Therefore, along with the knowledge of electronic
properties, Raman scattering of the coupled modes can also be
effective to determine various carrier scattering mechanism and
carrier dynamics studies.

Scandium nitride (ScN) is a group 3 rocksalt indirect bandgap
semiconductor[20–22] and has attracted significant interest in
recent years for its potential applications in thermoelectricity
and thermionic energy conversion,[23,24] solid-state lighting for
reducing threading dislocation densities of GaN epi-layers[25,26],
and as a semiconducting component for epitaxial single
crystalline metal/semiconductor superlattice growth.[27,28]

Sputter-deposited[24] ScN thin films are heavily doped with
n-type carriers having a room temperature carrier concentration
of (2–4)� 1020 cm�3 due to the presence of oxygen (ON) as impu-
rities and possible nitrogen vacancies (VN). Such high carrier
concentrations and favorable indirect bandgap ðΓ� XÞ of
0.9 eV in ScN lead to a large thermoelectric power factor[24] of
3.5� 10�3 WmK�2 at high temperatures (800 K), which can
be utilized for designing efficient waste heat to electrical energy
conversion devices. Moreover, due to its rocksalt crystal structure
and a direct bandgap of 2.2 eV, ScN can also be utilized for
alloying with other wurtzite nitride semiconductors for bandgap
engineering.[29] For widespread electronic applications, it is also
important to reduce its carrier concentrations and develop p-type
ScN thin films.[30–33] Hole doping by the incorporation of MgxNy

in ScN has led to reduced carrier concentrations in ScN, and
p-type epitaxial Sc1� xMgxN thin films with high hole concentra-
tions (2� 1020 cm�3) have been developed. Recent synchrotron
and first-principles modeling analyses have also shown that the
rigid-band electronic structure of ScN remains unchanged with
respect to the n-to-p-type carrier transitions, without the presence
of any mid-gap states,[34] as well as unchanged valence and con-
duction band edges that are important for electronic transport.

Due to its rocksalt crystal structure, the first-order Raman scat-
tering in ScN is symmetry forbidden. However, the presence of
defects relaxes the q-selection rules, and a weighted one-phonon
densities of phonon states were obtained in Raman measure-
ment for ScN films, which showed a broad acoustic phonon peak
at �420 cm�1 and an optical phonon mode at �677 cm�1 that is
assigned to the LO phonon from density functional perturbation
theory calculations of the phonon dispersion spectrum.[35–38]

Recently, inelastic X-ray scattering studies[39] on epitaxial ScN
thin film have been used to determine the phonon lifetimes
as a function of momentum that exhibited a short lifetime of
0.21 ps for the highest energy phonon mode around the zone
-center. The inelastic X-ray scattering studies[39] have also
demonstrated that the LO phonon mode at the Γ -point of the
Brillouin zone has an energy of �84meV (corresponding to
677 cm�1), whereas the LO phonon mode energy at the L-point
of the Brillouin zone has �80meV (corresponding to 645 cm�1).
Hence, the Raman mode of ScN at 677 cm�1 was assigned to the

LO mode at the Г-point of the Brillouin zone. Similarly, inelastic
X-ray scattering[39] also demonstrated that the TO phonon mode
at the Γ -point of the Brillouin zone exhibited an energy of
�42meV, corresponding to�339 cm�1, which was subsequently
used for a modeling analysis. Therefore, the electronic and vibra-
tional properties of ScN have been an important research topic in
recent years, and understanding the carrier scattering mecha-
nism and carrier dynamics would help further develop
ScN-based efficient electronic and thermoelectric devices. In this
letter, wave-vector-dependent Raman scattering from coupled
plasmon–LO phonon modes in n-type ScN is demonstrated.
Nonconservation of the wave vector due to inelastic scattering
from impurities leads to a red-shift of the coupled mode with
increasing electron concentrations in magnesium (Mg)-doped
ScN thin films. Asymmetric line shapes at large electron concen-
trations are also observed due to Fano resonance[40] from the
coupling of phonon scattering and a Raman-active continuum
of electronic excitations.

Epitaxial-undoped ScN and Sc1� xMgxN thin films were depos-
ited on (001) MgO substrates with high-vacuum DC-magnetron
cosputtering (see Supporting Information for details). The
Mg-doping concentrations inside ScN were increased to
achieve electron concentrations ranging from the highest
2.6� 1020 cm�3 for undoped ScN to the lowest 1.6� 1018 cm�3

for Sc0.975Mg0.025N thin film. Further increase in Mg concentra-
tions leads to an n-to-p-type carrier transition,[30,31] as the unin-
tentional dopant and impurity concentrations were very low and
remained unchanged with respect to the incorporation of Mg
dopants in ScN. However, for ScN thin films that contained a
large amount (�9 atm%) of oxygen (ON) as an impurity, the films
retained its n-type carrier nature even with MgxNy incorpora-
tions.[41] An X-ray diffraction (XRD) analysis showed that all
films grow with 002 orientations on MgO substrates with c-axis
lattice constants that are similar to the lattice parameter of
undoped ScN (Figure 1a). The full-width-at-the-half-maxima
(FWHM) of the ω-scan (rocking curve) ranged between 0.7�

and 1� (Figure 1b), which represented textured nominally
single-crystalline film growth. A transmission electron micros-
copy (TEM) analysis was performed with the Australian
Centre for Microscopy & Microanalysis image- and probe-
corrected and monochromated FEI Themis-Z 60–300 kV instru-
ment. TEM samples were prepared by the focused ion beam
using the lift-out technique. TEM micrographs show clear and
well-defined Sc1� xMgxN/MgO interfaces (Figure 1b) with
cube-on-cube crystal growth having an epitaxial relationship of
Sc1� xMgxN [001](001) || MgO [001](001) (Figure 1b). Due to
�7% lattice mismatch between ScN and MgO substrates, some
misfit dislocations were observed at the Sc1� xMgxN/MgO inter-
faces. Microscopy imaging also showed that Mg incorporation in
ScN creates a homogeneous solid solution, without any sign of
Mg precipitation, secondary phase formation, or phase separa-
tion (see Supporting Information for details).

Raman spectroscopy of undoped ScN and Sc1� xMgxN thin
films was performed in backscattering geometry with a
Horiba Raman spectrometer at room temperature with two dif-
ferent incident photon energies, 2.3 eV (λ¼ 540 nm) and 1.96 eV
(λ¼ 630 nm). Undoped ScN thin films exhibit a clear and distinct
Raman mode at 677 cm�1 consistent with previous reports.[35,36]

Similarly, though a broad acoustic peak was visible in the
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spectrum, deciphering it into LA and TAmodes was not possible.
All other Sc1� xMgxN thin films exhibited (Figure 1c) well pro-
nounced Raman mode with frequencies that are close to that of
the undoped ScN’s Raman peak. The acoustic phonon modes
were much diminished in Mg-doped ScN films in comparison
with the spectrum for undoped ScN. The peak position of the
Raman mode decreased with increasing carrier concentrations
from 696 cm�1 for ne ¼ 1.6� 1018 cm�3 to 677 cm�1 for
ne ¼ 2.6� 1020 cm�3 for both of the incident laser photon energies
(Figure 2a). Concomitant with the decrease in frequencies, the
FWHM of the phononmode also increased from�45 to�65 cm�1

(λ¼ 540 nm) with the same increase in the electron concentra-
tion inside the films (Figure 2b).

As mentioned before, the physical mechanism of coupled
plasmon–LO phonon mode that considers the Drude model
for the dielectric permittivity of the free-electron plasma predicts
an increase in the frequencies of the LPPþ coupled mode with an
increase in the electron concentrations[1,2] (see Supporting
Information for detailed model). Dielectric permittivity in the
Drude model is a function of the plasma frequency and useful
for describing plasmon–LO phonon coupling when the wave-
vector transfer is negligible ðq! ≅ 0Þ. However, due to the pres-
ence of impurities (doping, alloying, or the presence of unwanted
atomic species from crystal growth), the incident photons can
transfer momentum to the coupled plasmon–LO phonon modes
through inelastic scattering that results in the nonconservatized
large wave vector (q

!
≫ q

!
TF, with q

!
TF being Thomas–Fermi wave

vector) and fundamentally alter the coupling mechanisms. To
capture the physics of such nonconserved wave vector in plas-
mon–LO phonon coupling, the experimental Raman spectra

(frequency, line shape, and intensity) were modeled and fitted
with the generalized Lindhard model[42,43] of the dielectric
function that considers both the frequency and wave-vector
components of free-electron plasma with two different
scattering mechanisms. The Raman line shape is expressed by
Equation (1) as

I ¼ A� BðωÞ � Im ð�ε�1
totalÞ (1)

where A is a constant, B is a frequency-dependent parameter that
also depends on scattering mechanism, and εtotal is the total
dielectric function, expressed in Equation (2) as

εtotal ¼ ε∞ þ εphonon þ εplasmon (2)

where ε∞ is the high-frequency dielectric constant, whereas
εphonon and εplasmon are the dielectric function of phonon and
plasmon, respectively. The phonon contribution of the dielectric
permittivity is expressed in Equation (3) as

εphonon ¼ ωLO
2 � ωTO

2

ωTO
2 � ω2 � i� ω� γ

(3)

where ωLO,ωTO are the LO and TO phonon frequencies,
respectively, and γ is the phonon damping constant.

The Lindhard dielectric constant of the free-electron plasma is
expressed in Equation (4) as

εplasmonðq,ωÞ ¼ ε∞ � e2

q2

Z
d3k

f ðkþ qÞ � f ðkÞ
Eðkþ qÞ � EðkÞ � ℏðωþ i� sÞ

(4)

where f ðkÞ is the Fermi–Dirac distribution function for electrons
in thermodynamic equilibrium, q (q ¼ q 0 � q 00, where q 0 and q 00

are the wave vector of the incident and scattered photon, respec-
tively) is the wave vector, and s is a positive infinitesimal constant.
BðωÞ in Equation (1) depends on phonon frequencies and

Figure 2. a) Coupled plasmon–LO phonon peak in Raman scattering
spectrum of Sc1� xMgxN thin films are presented as a function of electron
concentration (n) for two different incident light wavelengths (λ¼ 540 nm)
and (λ¼ 630 nm). b) The FWHM of the coupled modes are presented as a
function of n. The frequencies of the coupled mode were found to decrease
with an increase in the electron concentration due to the nonconservation of
wave vectors. The lines drawn through the data are meant to guide the eye.

Figure 1. a) XRD spectra of three representative Sc1� xMgxN thin films are
presented. The alloy films grow with 002 orientation on the (001) MgO
substrate. b) HRTEM micrograph of Sc0.982Mg0.018N/MgO is presented.
The insets show an atomic resolution image of the Sc0.982Mg0.018N layer
demonstrating the epitaxial crystal growth. The atomically resolved STEM
micrograph of the interface shows misfit dislocations due to the lattice
mismatch. c) Raman spectrum of three representative films having differ-
ent carrier concentrations and measured with an incident energy of 2.3 eV
are presented.
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exhibits different expressions for 1) deformation potential
scattering and electro-optical scattering and 2) scattering due
to density fluctuation of the free carriers (see Supporting
Information for a detailed discussion). Based on the previous
reports[27–31,39] of ScN (see Supporting Information for more
details), a high-frequency dielectric constant ðε∞Þ of 12.3,
ωLO,ωTO of 677 and 339 cm�1, respectively, and an effective
mass of meff ¼ 0.39m0 (where m0 is the mass of a free electron)
were used for the modeling to extract the damping constants, as
well as the momentum transfer between the incident and
scattered light.

The theoretically modeled Raman spectra of Sc1� xMgxN thin
film with ne ¼ 1.86� 1018 cm�3 (representative for all thin film
samples having ne<1020 cm�3) match well with experimental
measurements (presented in Figure 3) for the two different cou-
pling mechanisms at two different incident laser wavelengths.
Fittings based on the deformation potential scattering and electro-
optical scattering mechanism suggest that the phonon damp-
ing constants increase monotonically with increasing carrier
concentrations (see Figure 4a) that are consistent with the exper-
imentally observed FWHM of the Raman spectra. However, the
plasmon damping constants were found to remain nearly invari-
ant. On the contrary, fittings of the Raman spectrum with scat-
tering due to density fluctuation of free carrier show that both the
plasmon and phonon damping constants exhibit dependence on

the carrier concentration, albeit any monotonic trends.
Importantly, both of the mechanisms exhibit (see Figure 4a)
decrease in the wave-vector (q) transfer from the incident to scat-
tered photon with the increase in the electron concentration due
to the decreasing amount of impurity (Mg) concentrations in the
film, also observed[2,4] in p-doped GaAs.

The coupled plasmon–LO phonon Raman models, however,
were unable to capture the asymmetric broadening of the
Raman line shape for films having large electron concentrations
(>1020 cm�3), since such asymmetry in Raman line shapes
arises due to Fano-like[40,44–46] coherent discrete–continuum
interaction between the phonon scattering and a Raman-active
continuum of electronic excitations from the filled to empty con-
duction band states. Such electronic excitations are known to
occur when the doping level in semiconductor is sufficiently high
that leads to partial filling of the conduction band states, and the
energy continuum of the transitions overlaps with the energy of
the discrete Raman-active optical phonon with the same symme-
try, and an interference between the phonon and the electronic
transitions takes place. These asymmetric Fano-like Raman line
shapes have been observed in heavily doped n- and p-type Si,[44,46]

p-type Ge,[45] p-type GaAs,[45] etc., and though they are infrared
forbidden but are Raman active. For ScN thin films, previous
first-principles and Boltzmann transport modeling analyses[31]

of the thermoelectric properties have demonstrated that for an

Figure 3. Experimental (blue circles with a dot) and theoretically modelled (red line) Raman shift (ω(cm�1)) of Sc1� xMgxN thin film with
ne ¼ 1.86� 1018 cm�3 is presented using two incident laser wavelengths (λ¼ 540 nm) and (λ ¼ 630 nm), for the two different scattering mechanisms:
a,b) deformation potential scattering and electro-optical scattering and c,d) scattering due to density fluctuation of the free carriers.
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electron concentration greater than�(3–4)� 1019 cm�3, the Fermi
level shifts to the conduction band. For an as-deposited ScN thin
films having ne ¼ 2.6� 1020 cm�3, the Fermi level should be
located at �60–100meV above the conduction band edge (see
Supporting Information). The presence of electrons in the conduc-
tion band valleys allows interband electronic transitions, and as the
energy of the discrete LO phonon state, which has the same sym-
metry as the interband transitions, falls within the continuum,
interference between the discrete state and the continuum takes
place. These interference has been treated by Fano[40] and is the ori-
gin for the asymmetric line shapes inRaman spectra (seeFigure 4b).

Utilizing the Fano resonance mode, the Raman scattering line
shape for high electron concentrations wasmodeled (Equation (5))

I ¼ A� ðf g þ ω� ω0Þ2
ðω� ω0Þ2 þ g2

(5)

where ω0 and g denote the position and width of the resonance,
respectively, f is the Fano parameter, which describes the degree
of asymmetry, and A is a constant. Values of f are positive for a
hole and negative for an electron. The fitting yielded Fano param-
eter of�12.6 for ne ¼ 2.92� 1020 cm�3 and�7.3 for ne ¼ 1.39�
1020 cm�3 that is consistent with the physical Fano resonance
model. In addition to the asymmetric line shape, Fano-like
resonance[44–46] also introduces a small shift in the position of
phonon frequencies that may be described as changes in the real
part of the self-energy due to phonon deformation-potential inter-
action with the free electron in the conduction band.[44,46]

Experimentally observed small shift in the peak frequency
(Figure 2a) from 685 to 677 cm�1 for λ¼ 630 nm, and from
680 to 677 cm�1 for λ¼ 540 nm, with a decrease in the electron
concentration from ne ¼ 1.39� 1020 to 2.92� 1020 cm�3 are
concluded to be due to the Fano resonance effect.

In conclusion, wave-vector (q) nonconservation in coupled
plasmon–LO phonon modes in epitaxial ScN thin films exhibited
Stokes Raman scattering and demonstrated a red-shift of the cou-
pled mode frequencies with increasing carrier concentrations.
Lindhard dielectric function that takes into account both the fre-
quency and wave-vector components of free-electron plasma is

utilized to model the experimental Raman spectra along with
the deformation potential scattering and electro-optical scatter-
ing, as well as scattering due to density fluctuation of the free
carriers. The wave-vector transfer (q

!
) was found to decrease with

decreasing Mg impurity concentrations and eventually led to LO
phonon modes in high carrier concentrations that couple with
the Raman-active continuum of electronic excitations from the
filled to empty conduction band states exhibiting asymmetric
Fano resonance. Findings presented in this study are important
not only for understanding the plasmon–phonon coupling and
scatteringmechanism in ScN but also will help design ScN-based
thermal and thermoelectric devices with improved efficiencies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 4. a) Wave-vector transfer (q) and phonon damping constants are presented as a function of the carrier concentrations for an incident laser
wavelength of 540 nm (an incident laser wavelength of 630 nm also exhibits similar behavior). The extent of wave-vector transfer (q) was found to
decrease with increasing carrier concentrations. The lines drawn through the data are meant to guide the eye. b) Raman shift (ω(cm�1)) for undoped
ScN thin film having the highest electron concentration is presented. The plasmon–LO phonon coupling model does not fit the experimental Raman
spectrum for such large carrier concentrations and suggests an uncoupled LO phonon mode. The asymmetry in Raman mode was a result of Fano
resonance arising due to the coherent discrete-continuum interactions between the phonon scattering and a Raman-active continuum of electronic
excitations.
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