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Carbon ion implantation for electron compensation in epitaxial scandium nitride
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Scandium nitride, an emerging rocksalt indirect bandgap semiconductor, has attracted much interest recently
for thermoelectricity, infrared plasmon and phonon-polaritons, neuromorphic computing, and Schottky diode
device applications. As-deposited ScN thin films exhibit a high electron concentration due to oxygen impurities
and nitrogen vacancies. Magnesium hole doping is the only effective method to compensate for high electron
concentration and achieve p-type ScN. However, it is crucial to identify other hole doping strategies for ScN
to promote its diverse applications. Here, we show conclusive experimental evidence of ion-implanted carbon
as a hole dopant in ScN, reducing electron concentration by more than an order of magnitude. Through com-
prehensive spectroscopic and microscopic characterization techniques and first-principles modeling, we show
that carbon occupies nitrogen sites in ScN for low dopant concentrations, leading to a hole-doping nature that
compensates for ScN’s high electron concentration. However, as carbon concentration increases, its hole doping
ability reduces due to the formation of donor-type defect complexes identified from first-principles modeling
analysis. Our work marks the experimental demonstration of hole doping in ScN with carbon ion-implantation
and presents a pathway to tune the electron concentration in ScN for device applications.

DOI: 10.1103/b5x8-c1bl

I. INTRODUCTION

Compensation for high electron concentration caused by
native donors or foreign impurities is vital for optimizing
the properties of degenerate semiconductors [1–3]. Effec-
tive compensation techniques, such as hole doping, can
transform a semiconductor’s electronic transport behavior
from n-type to p-type [4,5], enabling precise control over
plasmon and phonon-polariton resonances across short- and
long-wavelength infrared spectral ranges [6,7]. Additionally,
compensating high carrier concentration is key to optimizing
the Seebeck coefficient and electrical conductivity, critical for
achieving high thermoelectric power factors and advancing
the design of electronic, optoelectronic, and power elec-
tronic devices [8,9]. This challenge is particularly important
for nitride semiconductors, as they often exhibit degenerate
semiconducting properties due to the presence of native ni-
trogen vacancies and contamination from impurities such as
oxygen or halogens [10–18]. Addressing this issue through
donor compensation and hole doping strategies is critical for
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unlocking their full potential and ensuring widespread appli-
cability in cutting-edge technologies.

Scandium nitride (ScN), a promising group 3 rocksalt tran-
sition metal pnictide, has emerged as a focal point of research
due to its versatile properties and wide-ranging applications.
Renowned for its potential in thermoelectric energy conver-
sion [19–21], ScN hosts short- and long-wavelength infrared
plasmonics, phonon-polaritons [22], brain-inspired neuromor-
phic computing functionalities [23], and rectification across
the Schottky barriers [24]. Like other transition metal ni-
trides (TMNs), ScN shows exceptional corrosion resistance,
mechanical hardness, and an impressively high melting tem-
perature of ∼2600 ◦C [25,26]. The similarity of ScN’s crystal
structure and the nearly matched lattice constants with metal-
lic TMNs such as hafnium nitride (HfN) and zirconium
nitride (ZrN) has paved the way for ScN-based epitaxial
metal/semiconductor superlattices [27], enabling thermionic
energy conversion and optical hyperbolic metamaterials [28].
Additionally, ScN’s near-perfect lattice-matching with GaN
has been leveraged to grow nearly dislocation-free GaN epi-
layers, offering exciting possibilities in light-emission and
power electronic semiconductor device technology [29–31].
Beyond its standalone applications, ScN forms solid-state
alloys with group 13 nitrides, enabling the deposition of
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wurtzite-phase thin films such as AlxSc1−xN and GaxSc1−xN
exhibiting extraordinary piezoelectric and ferroelectric prop-
erties, which is currently an exciting research field in both
academia and industry, with a wide range of applications in
sensors, actuators, and energy harvesting devices [32–36].
Theoretical studies further highlight ScN’s potential as a bar-
rier material for magnetic tunnel junctions, highlighting its
pivotal role in future spintronic devices [37].

Epitaxial ScN thin films deposited with an ultrahigh vac-
uum (UHV) magnetron sputtering or molecular beam epitaxy
(MBE) exhibit a high n-type concentration in the 1020 −
1021 cm−3 range [11,38]. Such large carrier concentrations
in as-deposited films originate due to unwanted substitu-
tional oxygen in the nitrogen site (ON) as an impurity and
native defects such as nitrogen vacancies that reduce the
electron mobility to a moderate range of ∼60−130 cm2/V.s
with dominant ionized-impurity scattering [39]. Such large
carrier concentrations and the moderate mobility lead to a
high room-temperature electrical conductivity of 1759 Scm−1

and a high Seebeck coefficient of −175 µV/K at 950 K in
epitaxial ScN thin films, resulting in a high thermoelectric
power factor of ∼(2.3−3.3) × 10−3 W/mK2 in the tempera-
ture range of 500 to 600 K [20,40]. The degenerate electronic
nature of ScN is also utilized to demonstrate low-loss and
high figure-of-merit short wavelength infrared (SWIR) plas-
mon polaritons, with the epsilon near zero resonance in the
1.5–2.5 µm spectral range [22]. Akin to GaN, substitutional
magnesium (Mg) on Sc sites has been found to act as an effec-
tive hole dopant in ScN and reduce the electron concentration,
eventually leading to p-type ScN films [41]. A maximum
hole concentration of ∼2.2 × 1020 cm−3 and moderate hole
mobility of ∼22 cm2/V.s are also achieved at room temper-
ature in p-type ScN films [41]. Large hole concentrations
and a rigid-band electronic structure of ScN for unintentional
oxygen (n-type) and intentional magnesium (p-type) doping
also lead to a high thermoelectric power factor in p-type ScN
thin films [42]. Moreover, intentionally undoped (n-type) and
Mg-hole-doped ScN films show persistent negative and pos-
itive photoconductivity, respectively, which are also used to
develop optoelectronic artificial synaptic devices that mimic
biological neurons’ functionalities [23].

While Mg hole doping is a well-established technique to
reduce the excess electron concentration in ScN thin films,
Mg-ionized impurity also scatters carriers and reduces mobil-
ity [43]. Recent research exhibits several orders of magnitude
increase in the resistivity of Mg-doped ScN due to quasiclas-
sical Anderson localization [44]. Moreover, for a widespread
application of ScN, it is crucial to achieve flexibility in terms
of efficient hole dopants that reduce its carrier concentrations.
Therefore, there is a pressing need to find alternative hole
dopants in ScN that reduce the carrier concentration signifi-
cantly. Yet, until now, no other hole dopants except Mg have
been identified for ScN. Here, we show the first conclusive
experimental demonstration of carbon ion-implanted carrier
compensation and hole doping in epitaxial ScN thin films.

The valence shell electron difference between C and N
suggests that substitutional C on N sites (CN) should act as
an acceptor dopant in ScN, which is further justified by the
ab initio density functional theory (DFT) calculations [21].
The theoretical calculation also shows that the CN formation

energies in ScN are positive and relatively high, ∼3 − 4.5
eV [45]. Moreover, the electronic nature of carbon doping in
ScN is similar to the C-doping in GaN, which has a much
deeper acceptor state with an electronic activation energy of
0.9 eV [46,47]. Recent hybrid functional DFT calculation has
attributed blue luminescence in C-doped GaN to interstitial
hydrogen atoms Hi bonded to CN or an ONCN−Hi defect
complex, and yellow luminescence is presumed to appear
at 2.25 eV from CN or ONCN [48]. The lattice position of
C in the N site of GaN is further experimentally demon-
strated using polarized Fourier-transform infrared and Raman
spectroscopies [49].

While the formation energy and position of the defect
states of CN in ScN are determined [21,45], not much informa-
tion is available on the defect complexes in ScN. The recently
published report shows that defect complexes comprising of
Sc-vacancy (VSc) and hydrogen or oxygen are energetically
more stable in ScN than individual VSc [50]. Nevertheless,
the high positive formation energy of CN in ScN could be a
significant impediment in realizing hole doping of ScN with
C and may explain our unsuccessful experimental attempts
to compensate for high background electron concentration
in ScN with C doping through cosputtering inside the UHV
magnetron sputtering, even at high growth temperatures (see
Supplemental Material (SM) Sec. II for details [51]). There-
fore, the nonequilibrium ion-beam irradiation/implantation
method is used to overcome the thermodynamic barrier for CN

formation and achieve carbon hole doping in ScN thin films.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Growth and experimental methods

Epitaxial ScN thin films are deposited on 1 cm × 1 cm
single-crystalline MgO (001) substrates inside a UHV cham-
ber with DC magnetron sputtering at a base pressure of 1 ×
10−9 Torr at 800 ◦C substrate temperature. Ar (99.99999%)
and N2 (99.99999%) gas ratios were kept at 9 and 2 sccm,
respectively, maintaining 10 mTorr deposition pressure during
the growth inside the sputtering chamber. Before the deposi-
tion, substrates were ultrasonicated in acetone and methanol
for 10 minutes each, followed by thermal annealing at 800 ◦C
for 30 minutes to remove adsorbed contaminants from the
substrates. The Sc target (99.995% purity) was presputtered
for 30 minutes to remove the surface impurities. The films
were deposited for 130 minutes with an average growth rate
of ∼1 nm/min and a thickness of approximately 130 nm.

The Stopping and Range of Ions in Matter (SRIM) simula-
tion is carried out to estimate the suitable implantation energy
to obtain carbon ions constricted to the specific thickness of
the ScN film (details in Sec. IX in SM [51]). Based on the
simulated estimate, after the film deposition, single-ionized
carbon atoms (C−) are implanted at room temperature with
the beam energy of 35 keV at different dosages starting
from 5 × 1013 cm−2 to 5 × 1016 cm−2. A pristine ScN sample
without any C-implantation is used as a reference to study
the changes after implantation. The pristine and C-implanted
ScN films are further characterized by several spectroscopic,
electrical, and microstructural techniques.
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While HRXRD, HRTEM, SEM, and AFM are employed
for scrutinizing the structural variations in C-implanted films
with respect to the nonimplanted ScN films, temperature-
dependent Hall and Seebeck measurements are used for
analyzing the electrical variations. The changes in atomic
coordination and, thus, the band levels are analyzed with XPS,
UPS, and XAS. Variable-angle spectroscopic ellipsometry
is further utilized for investigating the samples. Details of
all these characterization techniques are provided in the SM
Sec. I [51] (see also Refs. [52,53] therein).

B. Computational methods

First-principles DFT calculations as implemented in the
Quantum ESPRESSO package [54], are performed to deter-
mine the formation energies and electronic density of states
for several neutral point defects and defect complexes due
to the implanted Carbon. Projected-augmented-wave (PAW)
pseudopotentials [55] with PBE parametrization of gener-
alized gradient approximation (GGA) exchange-correlation
functional [56] is used within the DFT+U framework to cor-
rect the underestimation of the bandgap [57,58]. The Hubbard
U of 3.5 eV with an orthoatomic projection scheme is applied
to the Sc 3d orbitals to correct the bandgap. The kinetic energy
cut-off of 85 Ry and Marzari-Vanderbilt smearing [59] with a
smearing width of 0.002 Ry is used for all the calculations.
A 2 × 2 × 2 supercell containing 64 atoms is used for the
defect calculations. The Brillouin zone was sampled with a
�-centered k-mesh grid of 16 × 16 × 16 for the primitive cell
and 8 × 8 × 8 for the supercell, including defects. The atomic
positions and lattice parameters are relaxed properly using
the Davidson diagonalization algorithm until the forces on the
individual atoms become less than 0.025 eV/Å. The DFT+U
optimized lattice parameter of pristine ScN is 4.56 Å.

The formation energy E f (def ) of neutral point defects
and defect complexes is calculated using the Zhang-Northrup
scheme [60],

E f (def ) = Etot (def ) − Etot (pristine) +
∑

i

xiμi,

where Etot (def ) and Etot (pristine) are the total energies of
the supercell containing the defects and the pristine super-
cell, respectively. xi is the number of atomic species added
(xi < 0) or removed (xi > 0) from the pristine supercell to
create a defect supercell and μi is the chemical potential
of the element added or removed. Formation energies are
calculated for all the defects under the nitrogen-rich condi-
tion, in which the nitrogen chemical potential is represented
as μN = 1

2 Etot (N2), where Etot (N2) is the total energy of N2

molecule, calculated by considering one N2 molecule inside a
supercell with a vacuum of 25 Å in each direction. As oxygen
will always be present in ScN, we have considered the defect
complexes, including oxygen point defects, and calculated the
defect formation energies for oxygen-rich and oxygen-poor
conditions. In the oxygen-rich condition, μO = 1

2 Etot (O2) and
in an oxygen-poor condition μO = 1

3 (Etot (Sc2O3) − 2 × μSc),
where Etot (O2) is the total energy of O2 molecule, calculated
by considering one O2 molecule inside a supercell with a
vacuum of 25 Å in each direction. Etot (Sc2O3) is the total
energy of pristine cubic Sc2O3 which is the stable oxide of

Sc, μSc is the chemical potential of Sc in the stable metal-
lic form [61]. In the nitrogen-rich condition, the chemical
potential of Sc is represented as, μN−rich

Sc = Eprimitive(ScN ) −
μN . The thermodynamic stability of both ScN and Sc2O3

are further calculated from formation enthalpy per for-
mula unit (fu) �H f such as �H f (ScN ) = Eprimitive(ScN ) −
μSc − μN and �H f (Sc2O3) = Eprimitive(Sc2O3) − 2 × μSc −
3 × 1

2 Etot (O2).
Furthermore, the charged defect formation energies are

calculated as a function of the Fermi level position to gain
a comprehensive understanding of the defect physics in ScN,
using the screened Heyd, Scuseria, and Ernzerhof (HSE06)
hybrid functional [62,63] with GGA exchange-correlation and
PAW pseudopotentials [64] as implemented in the Vienna Ab
initio simulation Package (VASP) [65]. The formation energies
are calculated using the recently developed Python package
PyDefect [66–69], integrated with VASP. The choice of hybrid
functional over the local or semilocal local density approxi-
mation (LDA) [70,71] or GGA [56] functionals is essential for
correctly capturing the defect formation energies in semicon-
ductors [72]. Among possible hybrid functionals, HSE06 is
the most popular choice and widely used in oxides and nitrides
for the accurate determination of the defect formation energies
and transition levels [66,72,73].

A 2 × 2 × 2 supercell containing 64 atoms is considered
for the pristine and charged defect calculations, using a 2 ×
2 × 2 Monkhorst-Pack k-point grid [74] and energy cutoff
of 550 eV. The bandgap of ScN is obtained as 0.79 eV for
an exact exchange value of 0.25. The dielectric constants are
calculated using the PBE+U method [57] with a Ueff of 3.5
eV, resulting in a bandgap of 0.74 eV. The PBE+U calculated
electronic and ionic dielectric constants yield 8.97 and 20.21,
respectively, further used in the correction of finite super-
cell size error. Spin-polarization is included in all the defect
calculations. As the structural relaxation of the supercell, con-
taining defects with the hybrid functional is computationally
expensive, a computationally cheaper PBE functional is first
used for relaxing the atomic positions in the defect supercells
until the forces on the individual atoms become less than
0.04 eV/Å, and then the static calculations are performed on
the PBE-relaxed structures using the HSE06 hybrid functional
to determine the total energies with affordable computational
cost. The lattice parameter is kept fixed at the HSE06 opti-
mized bulk value of 4.48 Å for all the defect calculations.

The charged defects formation energies of point defects
and defect complexes are calculated as a function of the Fermi
level using the following relation [45,75],

E f [Dq] = {E [Dq] + Ecorr[D
q]} − EP −

∑
niμi

+ q(εV BM + �εF ),

where, E [Dq] and EP are the total energies of the supercell
containing the defect D in charge state q, and the pristine su-
percell, respectively. ni is the number of atomic species added
(ni > 0) or removed (ni < 0) from the pristine supercell to
create a defect supercell and μi corresponds to their chemical
potentials. The chemical potentials of Sc, N, C, and O in both
Sc-rich and N-rich conditions are determined from the HSE06
hybrid functional calculations using referenced competing
phases, such as hexagonal Sc, O2 and N2 molecules, graphitic
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FIG. 1. (a) Schematic of intrinsic and several electronically active n-type and p-type defects in C-implanted ScN. Depending on the
site occupation, Carbon can act as a p-type or n-type dopant. (b) Optical images of the C-implanted ScN thin film surfaces with different
implantation dosages. (c) Variation of the films’ electron concentration, mobility, and resistivity with increasing C-implantation dosage in ScN
film. With the highest implantation dosage, the carrier concentration in ScN is reduced by more than an order of magnitude.

C, cubic Sc2O3, trigonal Sc2C, tetragonal Sc3C4, and cubic
Sc4C3. The εV BM refers to the energy of the valence band max-
ima (VBM) and �εF is the Fermi level position with respect
to VBM. Ecorr[Dq] represents the energy correction due to the
spurious electrostatic interaction of the defect charge with its
periodic counterpart, arising from the finite supercell size. An
extended Freysoldt-Neugebauer-Van de Walle (FNV) correc-
tion scheme is used to calculate this energy correction term
[75,76]. This correction scheme is well established and used
quite frequently to determine the formation energies accu-
rately, even with the supercell containing 64 atoms [45,50,75].
We have used expensive HSE06 hybrid functional calculations
for all the defects and pristine supercells, as well as the de-
termination of chemical potentials, in order to determine the
formation energies accurately. However, the calculated defect
formation energy needs an additional correction on top of the
FNV correction, as it cannot completely remove the finite size
effect due to the spilling out of the defect charges, especially
important for higher charged defects [45]. The FNV corrected
energies are assumed to scale with the number of atoms in the
pristine supercell as

EFNV
f [Dq] = q2aN−1

atom + b[Dq],

where Natom is the total number of atoms in the supercell
expanded isotropically along the cell vectors without intro-
ducing the defect D, a is the fitting parameter independent of
the defect D and its charge state, and b[Dq] is the defect forma-
tion energy of Dq corresponding to an infinite supercell. Due
to the computational limitation, a = 5.70 eV/e2 is adopted, as
reported in the previous literature of ScN based on HSE06
hybrid functional [45]. The correct formation energies are
determined by subtracting q2aN−1

atom from the FNV corrected
energies. In addition to the 64-atom supercell calculations
presented, we have also performed calculations using a 96-
atom supercell to further confirm that finite-size effects do not
significantly influence the extended FNV corrected formation
energies (see Fig. S15).

Finally, x-ray absorption near edge spectra (XANES) of
N K-edge and Sc L3- and L2-edges are performed using ab
initio full multiple scattering theory as implemented in the
FEFF 9.05 code [77]. A self-consistent spherical muffin-tin

scattering potential with Hedin-Lundqvist exchange is used
in the simulation. The clusters are constructed from relaxed
atomic coordinates obtained from DFT calculations. A clus-
ter of radii 6 Å is used to build the atomic potential and is
further extended to 8 Å for the calculation of scattering cross
sections.

III. RESULTS AND DISCUSSION

A. Electrical characterization

Schematics of various electronically active point defects in
as-deposited and C-implanted ScN [presented in Fig. 1(a)]
highlight their ability to dope ScN with n-type or p-type
carriers. The as-deposited intentionally undoped ScN is a
degenerate semiconductor with a carrier concentration of ∼
4 × 1020 cm−3 due to unwanted oxygen donor impurities (ON)
from the target contaminations. As-deposited ScN thin film
before implantation appears reddish-yellow, consistent with
its direct bandgap of 2.2 eV. However, with increasing C-
implantation dosage, films turn darker, as shown in Fig. 1(b).
The carrier concentration, mobility, and resistivity of the
as-deposited ScN are 4 × 1020 cm−3, 64 cm2/V s, and 2.4 ×
10−4 �−cm, respectively. However, as the C-implantation
dose increases, the electron concentration reduces gradually
by more than an order of magnitude to 1.8 × 1019 cm−3 for the
highest carbon implantation dosage of 5 × 1016 cm−2 studied
here [refer to Fig. 1(c)]. According to the theoretical calcu-
lations, such a drastic reduction in carrier densities indicates
the formation of substitutional CN point defects that act as a
hole dopant in ScN. However, the compensation rate eventu-
ally saturates at a low ∼1019 cm−3 electron concentration for
implantation dosage above 5 × 1015 cm−2, which highlights
possibilities for other donor-type complex defects formation
that counteract CN’s hole doping ability.

The decrease in the electron concentration with increasing
implantation dosage is also associated with a decrease in elec-
tron mobility from 64 cm2/V s for pristine ScN to ∼1 cm2/V s
for 5 × 1016 cm−2 implantation dosage. Such a decrease in
electron mobility in the implanted films suggests an increasing
strength of carrier scattering from implantation-induced de-
fects such as vacancies, interstitial and substitutional ionized
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FIG. 2. (a) The Sc-edge SXAS spectra of pristine ScN and C-implanted ScN thin films are presented. The shoulder in the C-implanted
sample indicates distortion in the lattice. The first derivative of the spectra in the lower panel shows the absorption edges and shoulder
peaks distinctly. The theoretically simulated XANES spectra of pristine ScN are also presented for comparison. The dashed lines indicate the
four distinct peak positions of pristine ScN from experimental absorption spectra. (b) The SR-UPS spectra of pristine and C-implanted ScN
samples with implantation dosages of 5 × 1014 cm−2 and 5 × 1015 cm−2 shows a slight decrease between the Fermi level and the valence band
maxima on C-implantation. The theoretically calculated DOS and PDOS of ScN:ON are shown below for comparison. The Fermi level of the
theoretically calculated DOS is aligned with the experimental one, as shown by the gray-colored dotted line. The valence band edges are also
marked for both pristine and C-implanted samples.

impurities, and extended defects like dislocations and vacancy
clusters [78]. Due to the combined effect of the decreasing
carrier concentration and mobility, the resistivity of the films
increases monotonically with increasing implantation dosage.
The resistivity of implanted samples with an implantation
dose of 5 × 1016 cm−2 reaches ∼5.1 × 10−1 �−cm at room
temperature, accounting for a three orders of magnitude in-
crease from the nonimplanted ScN film.

Temperature-dependent resistivity measurements in the
50–400 K range show that compared to its degenerate elec-
tronic nature, where resistivity increases by a small amount
with increasing temperature in as-deposited ScN, the C-
implanted film with an implantation dosage ∼1 × 1015 cm−2

exhibits a thermal activation behavior (see Fig. S2(c) in SM
Sec. III [51]). Such an activated transport nature appears due
to the movement of the Fermi level from inside the conduction
band to the bandgap due to acceptor doping. Although the
electron concentration decreases by more than an order in
C-doped ScN, its temperature dependence remains relatively
insensitive (refer to Fig. S2(a)]. Similarly, thermoelectric
characterization of the C-implanted films shows a substantial
Seebeck coefficient enhancement as a function of temperature
[see Fig. S4(b)] due to the reduction in the carrier concentra-
tion of the films. Such Seebeck coefficient enhancement has
also been observed previously in noble-gas-implanted ScN
due to the significant amount of implantation-induced defects
[79,80]. Yet, the increase in the Seebeck coefficient is far
outweighed by a concomitant increase in the resistivity, which
leads to an overall decrease in the thermoelectric power factor,
as shown in SM Fig. S4(c) [51].

B. Electronic structure analysis

The electronic density of states is further probed using
soft x-ray absorption spectroscopy (SXAS) for both pristine
and C-implanted ScN films and compared with the ab initio
calculated XANES of pristine ScN from full multiple scat-
tering (FMS) theory. The soft x-ray absorption spectra of the
Sc L-edge of pristine ScN and C-implanted ScN with an im-
plantation dosage of 5 × 1014 cm−2 are presented in Fig. 2(a),
along with its first derivative (bottom panel). The four peaks in
the pristine ScN spectra correspond to Sc L2− and L3−edges,
each split into t2g and eg levels due to N-octahedral coordina-
tion. The peaks I and II correspond to the electronic transition
from occupied Sc 2p3/2 to unoccupied Sc 3d orbitals, known
as Sc L3-edge. Similarly, the transition from occupied Sc 2p1/2

to unoccupied Sc 3d orbitals is identified as Sc L2-edge, as
labeled by III and IV. The Sc L-edge and N K-edge absorp-
tion spectra overlap, as shown from the ab initio calculation
presented as dotted lines [refer to Fig. 2(a)]. The four peak
positions for nonimplanted ScN at 399.2 eV (I), 401.7 eV (II),
403.9 eV (III), and 406.2 eV (IV) match well with the earlier
report [42]. The spin-orbit coupling splitting energy of Sc 2p,
as determined from the separation between either t2g or eg of
L3- and L2-edges, is 4.6 eV, consistent with the core level x-ray
photoelectron spectroscopy (XPS) of Sc 2p (see SM Sec. V
and Fig. S7(a) for details [51]). The crystal field splitting
energy, as obtained from the energy difference between t2g

and eg peaks of Sc L-edge, is 2.4 eV, in close agreement
with the ab initio value of ∼2.0 eV, calculated from FMS
theory. These values are consistent with the previous literature
report [42].
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However, C-implantation distorts the N-octahedral geom-
etry and local structure, leading to the further splitting of
individual t2g and eg degenerate levels, causing asymmetric
broadening and shouldering in the SXAS peaks with a slight
shift of the peak positions due to the change in local bonding
environment of Sc (see SM Sec. IV for details [51]). The
shoulder in peaks II and IV [marked by an asterisk in Fig. 2(a)]
indicates a different splitting energy due to the distortion of
the octahedra in the presence of carbon. These shoulders are
visible even in the first derivative plot, suggesting distortion
in the Sc octahedra caused by some N substitution with the
implanted C.

With substitutional carbon hole doping (CN), the Fermi
level is expected to move towards the valence band edge,
probed by synchrotron radiation ultraviolet photoelectron
spectroscopy (SR-UPS) [guided by the arrow in Fig. 2(b)].
The valence band edge is at ∼1.08 eV below the Fermi
level for intentionally undoped ScN and changed to ∼0.85
eV for the C-implanted sample with implantation dosage ∼
5 × 1015 cm−2. This further indicates the hole-doping nature
of implanted carbon in ScN, shifting the Fermi level from
the conduction band to the bandgap and leading to carrier
compensation upon C-implantation, as observed from the
transport measurements. The observed shift in the Fermi level
with increasing implantation dosage is consistent with the de-
crease in electron concentration as calculated theoretically in
previous literature reports [81]. The valence band edge of ScN
is composed mainly of N 2p characters, slightly hybridized
with the Sc 3d states determined from the DFT calculated
DOS and PDOS, as shown in the bottom panel of Fig. 2(b).
The peak at binding energy ∼5.8 eV corresponds to the O 2p
states, showing a large photoionization cross section, which
broadens the experimental valence band compared to the DFT
calculated DOS. The thermal and instrumental broadening
have not been considered in the DFT calculation.

The incorporation of carbon in the nitrogen site is also
evident from the XPS depth profile measurements (refer to
Appendix A). The C-implanted film (implantation dosage
∼1 × 1015 cm−2) is sputtered with a 1 keV Ar+ beam to study
the depth profile of carbon inside the sample. The depth pro-
file data shows that without etching, a high concentration of
carbon with C 1s peak at ∼284.6 eV is observed on the sam-
ple surface due to both ion-implantation and the adventitious
carbon from postgrowth exposure to the ambient. The main C
1s peak gradually shifts to lower binding energy with reduced
intensities representing the implantation-induced C inside the
film bonded with metal Sc (refer to Fig. 7(b) in Appendix A).
Such a Sc-C bond indicates that C occupies the N site and
behaves like a hole dopant, reducing the background electron
concentration of pristine ScN. The XPS peak profile of Sc
2p, N 1s, O 1s, and C 1s, along with the detailed discus-
sion, is presented in the SM Sec. V [51]. However, due to
the unavoidable carbon contamination, detailed quantification
of carbon content is complicated in this case. Furthermore,
dielectric spectra obtained from the ellipsometry data fitting
reveal an epsilon-near-zero (ENZ) shift from the near- to
mid-IR region with increasing carbon implantation, indicating
carrier compensation upon carbon implantation (details in
Appendix B).

C. Structural characterization

The structural changes due to C-implantation are further
analyzed using high-resolution x-ray diffraction (HRXRD), as
shown in Fig. 3(a). Symmetric 2θ -ω x-ray diffraction shows
that the as-deposited ScN film grows with a single (002)
orientation on a single crystalline (001) MgO substrate. The
experimental out-of-plane lattice constant of 4.50 Å is ob-
tained from the (002) peak of intentionally undoped ScN.
With increasing implantation dosage, the ScN (002) peak
shifts to lower 2θ gradually, indicating out-of-plane lattice
expansion (see Fig. 3(a) and SM Table S3 [51]). The slightly
higher atomic radius of carbon (70 pm) in comparison to nitro-
gen (65 pm) [82] and the presence of some interstitial carbon
atoms presumably results in this slight lattice expansion (see
SM Sec. VII [51]). However, the 2θ peak also broadens with
a shoulder at lower 2θ , indicating the degradation of crystal
quality upon C-implantation [see SM Sec. VIII [51] (see also
Ref. [83] therein)]. This is further validated by the full width
at half maxima (FWHM) of the rocking curve (ω-scan) of
the (002) plane, which increases to 1.65◦ under the highest
C-implantation dosage of 5 × 1016 cm−2 as compared to the
pristine value of 0.93◦. The broadness could be related to
the tilting of planes due to local distortion from the vacancy
clustering caused by the ion-implantation.

The reciprocal space mapping (RSM) of the asymmetric
(113) plane for both pristine and implanted samples are shown
for comparison in Fig. 3(b) and Fig. 3(c), respectively. The
(113) RSM diffraction spot for the implanted sample with
a dosage ∼1 × 1015 cm−2 shows lower peak intensity and
higher broadness [refer to Fig. 3(c)], suggesting the degra-
dation of the crystalline quality upon carbon implantation.
The obtained in-plane and out-of-plane lattice parameters for
pristine ScN comes to be 4.50 Å. Although the in-plane lattice
constant for the implanted sample is 4.49 Å, similar to that
of bulk, the out-of-plane lattice parameter shows a significant
increase with a value of 4.56 Å, indicating the out-of-plane lat-
tice expansion due to the carbon implantation. This is further
consistent with the DFT calculated in-plane and out-of-plane
lattice constants of the C-implanted ScN, with some of the
carbon sitting in the interstitial position with an increase of the
out-of-plane lattice constant (refer to Table S6 in the SM [51]).
The epitaxial nature of C-implanted ScN is further corrobo-
rated by the pole figure measurement of the asymmetric (111)
plane, which shows four equally spaced peaks at a 55.45◦ χ

angle, suggesting cubic symmetry [see Fig. 3(d)].
The cross-sectional high-resolution (scanning) transmis-

sion electron microscopy (HR(S)/TEM) imaging confirms
cubic epitaxial growth of ScN on MgO substrate with an
epitaxial relationship of (001) [001] ScN || (001) [001] MgO
[see Fig. 3(e)]. The selected area electron diffraction (SAED)
pattern in the inset of Fig. 3(e) demonstrates the local cu-
bic epitaxial nature even when the film is implanted with
a dosage of 5 × 1015 cm−2. The ScN/MgO interface region
shows little waviness in some places, probably due to the
misfit dislocation from the lattice mismatch or implantation-
induced damage of a few layers of MgO from the interface,
as shown by marking in Fig. 3(e). This finding agrees with
the observed preshoulder peak in (002) MgO in HRXRD (see
Fig. S9(a) in SM [51]). The low magnification high-angle
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FIG. 3. (a) Symmetric 2θ -ω x-ray diffractogram of (002) oriented as-deposited and C-implanted ScN thin films on (002) MgO substrates.
The shift of the (002) peak to a lower 2θ indicates the lattice expansion with increasing carbon implantation dosage. The reciprocal space
mapping (RSM) of the asymmetric (113) plane of (b) pristine ScN and (c) carbon-implanted ScN with an implantation dosage of ∼1 ×
1015 cm−2. The reduction of the film peak intensity, as well as an increase in spread, indicates the degradation of the crystallinity on carbon
implantation. (d) The pole figure of the asymmetric (111) plane of C-implanted ScN shows four equally spaced diffraction spots, indicating
the four-fold symmetric nature, highlighting the epitaxy of the film. (e) The atomic resolution cross-sectional HAADF-STEM imaging of
C-implanted ScN represents the coherent [001] growth of ScN on MgO substrate. The inset shows the selective area electron diffraction
(SAED) pattern along the [100] zone axis of ScN, further confirming the epitaxial growth on MgO. (f) The HAADF-STEM image depicts
the presence of misfit dislocations originating near the ScN-MgO interface and voids separating the grains of the same orientation. The EDS
elemental mapping of C-implanted ScN film reveals the uniform distribution of Sc, N, O, and C. (g) FESEM image reveals the square-shaped
grains with an average grain size of ∼60 nm for the C-implanted sample. The sample morphology remains smooth and compact even after
implantation. (h) The AFM image of C-implanted ScN shows an average root-mean-square (RMS) roughness of ∼0.63 nm, slightly increased
compared to the pristine sample.

annular dark field scanning transmission electron microscopy
(HAADF-STEM) reveals the presence of a few voids and
extended defects, such as dislocations in the C-implanted film
marked by arrows in Fig. 3(f). The HRSTEM-energy dis-
persive x-ray spectroscopy (EDS) elemental mapping shows
a uniform distribution of Sc, C, and N throughout the film,
along with unintentional oxygen impurities whose concentra-
tion is higher near the surface and reduced inside the film.
Although the exact quantification of carbon is difficult due to
the presence of adventitious C in the pristine film, a compari-
son of EDS results shows the presence of ∼2% − 3% higher
atomic percentage of carbon in the implanted film than the
pristine one. Plan-view field emission scanning electron mi-
croscopy (FESEM) imaging shows no significant damage to
ScN film surfaces due to C-implantation. A representative im-
age with an implantation dosage of ∼1 × 1015 cm−2 presented
in Fig. 3(g) reveals a cubic grain of average size ∼ 60 nm
with grain boundaries forming a smooth surface. Atomic force
microscopy (AFM) imaging [see Fig. 3(h)] reveals an average
RMS surface roughness of ∼0.63 nm for the C-implanted film
that is slightly higher than the surface roughness of the good
quality pristine ScN of 0.31 nm as reported earlier [20].

D. Formation energy and DOS from first-principles DFT

The first-principles DFT calculations are further employed
to understand the formation energies and energy levels of

carbon-related substitutional and defect complexes in ScN.
The calculations are performed using the DFT+U approach
to account for the DFT bandgap underestimation. The cal-
culated � − X indirect bandgap of pristine ScN is 0.80 eV
[refer to Fig. 4(a)], consistent with previous studies [84,85].
The valence band of pristine ScN consists of predominantly
N 2p states, and the conduction band mainly of the Sc 3d
characters, indicating an optical transition between N 2p to Sc
3d electronic states [see Fig. 4(a)]. As-deposited ScN under
N-rich growth conditions shows an n-type degenerate elec-
tronic transport due to the presence of substitutional oxygen
(ON) impurities and possible N-vacancies, which act as donors
in ScN [Fig. 4(b)]. Unlike N-vacancy, VSc shifts the Fermi
level inside the valence band, suggesting a p-type electronic
transport.

Previous studies show that the formation of N vacancy is
more favorable than Sc-vacancy (VSc) based on thermody-
namic formation energy calculations [45,86]. However, the
formation of complex defects with VSc and a nearest sub-
stitutional oxygen (ON) is energetically more favorable than
the single Sc-vacancy. This complex defect behaves as p-type
dopants with the position of the Fermi level inside the valence
band [see Fig. 4(c)], reducing the excess electron concen-
tration in ScN. The presence of small oxygen impurities in
ScN is also evident from the formation enthalpy (�H f ) of
ScN and Sc2O3. The calculated �H f of ScN and Sc2O3 are
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FIG. 4. Total and partial electronic density of states for pristine and C-doped ScN with various defect configurations. (a) pristine ScN, (b)
O-substitution in N-site (ON) as n-type dopant, (c) vacancy of Sc and O-substitution in the nearest N-site forms a p-type complex defect, (d)
C-substitution in N-site (CN) as p-type dopant, (e) C-substitution in N-site and O-substitution in the nearest N-site, forming defect complex
with effective shifts of the Fermi level into the bandgap compared to the O-substitution in N-site defect, indicating the carrier compensation,
(f) vacancy of Sc, C-interstitial, and O-substitution in N-site forms an n-type complex defect. The Fermi energy is set to 0 eV for each case.

−3.91 and −19.63 eV/fu, respectively, as obtained from GGA
calculations using QE, and −4.24 and −18.81 eV/fu from
HSE06 hybrid functional calculations using VASP. The higher
formation enthalpy of Sc2O3 indicates the presence of small
unavoidable oxygen impurities in the Sc-target used in the
sputtering. The electronic density of states shows a peak of
O 2p states at ∼−5 eV from the valence band edge [see
Fig. 4(b)], which is also prominent in the experimental UPS
data, as shown in Fig. 2(b). The compensation of such excess
electron concentration requires effective hole dopants, and
carbon appears to be a suitable choice as it contains one less
electron compared to N.

The incorporation of substitutional C in the N site (CN)
shifts the Fermi level inside the valence band at about ∼0.3
eV for ∼3.1% C-doped ScN (ScN0.969C0.031), indicating an
acceptor-type dopant in ScN [refer to Fig. 4(d)]. The C 2p
states are located at the valence band edge, as shown in
Fig. 4(d), indicating small activation for the electronic trans-
port (see Fig. S2(c) in SM [51]). However, such feature is
not prominent in the experimental SR-UPS data as the C 2p
atomic subshell has the lowest photoionization cross section
value among the others [see SM Sec. XII and Table S7 [51]
(see also Ref. [87] therein)], and the amount of C present
in the ScN is low, ∼2.0% − 3.0%, as compared to the Sc,
N, and unintentional O impurity. The effect of C as a hole
dopant (CN) can only be verified experimentally from the de-
creasing carrier concentration with increasing C-implantation

dosage in the carrier concentration vs temperature plot, as
shown in SM Sec. III and Fig. S2(a) [51]. The total density
of states further reveals the rigid band electronic nature of
ScN, even with the substitutional carbon. Furthermore, the
Fermi level for defect complex CN−ON is located inside
the bandgap [see Fig. 4(e)], indicating electron compensation
with C-implantation over the presence of a small oxygen
impurity in ScN. This further correlates with the experimental
observation of electron compensation in ScN with moderate
C-implantation dosage, a significant number of C atoms oc-
cupy implantation-induced N-vacancy sites and behave like a
hole dopant.

The calculated formation energy of a single neutral car-
bon interstitial (Cint) defect is positive and relatively high
(∼9.37 eV), making it unlikely to form easily. However, de-
fect complexes associated with Cint, VSc, and ON can form
due to their lower formation energy. The projected density of
states for VSc−Cint−ON reveals the presence of defect states
inside the bandgap, having a hybridized orbital character from
interstitial C 2p and N 2p bonded with Cint, along with an
n-type electronic nature with the Fermi level close to the
conduction band edge, as shown in Fig. 4(f). These midband
gap defect states cause the Fermi level pinning within the
bandgap, reduce the mobility and increase the resistivity of
the C-implanted films, as observed experimentally.

The DFT-obtained both in-plane and out-of-plane lattice
parameters for possible single and complex defects are listed
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FIG. 5. The integrated charge densities of VBM-100 meV and CBM+100 meV for (a) pristine ScN, (b) C-substitution in N-site, (c)
O-substitution in N-site, and (d) C-substitution in N-site and O-substitution in the nearest N-site. (e) Calculated defect formation energy of
several individual defects and defect complexes as a function of oxygen chemical potential and oxygen partial pressure. The shaded region
corresponds to the background oxygen partial pressure inside the sputtering chamber.

in Table S6 in the SM [51]. The DFT+U optimized lattice
parameter of pristine ScN is 4.56 Å, higher than the experi-
mental values due to the Hubbard-U correction. The in-plane
and out-of-plane lattice constants remain unchanged for most
of the single and complex defects, except those with inter-
stitial carbon (VSc−Cint−ON). The in-plane lattice constant
of VSc−Cint−ON is similar to the pristine value, but the
out-of-plane lattice constant increases by ∼0.66%, consistent
with the experimental increase of the out-of-plane lattice con-
stant with C-implantation, although the percentile increment
in the experiment is higher than the calculated value. This
reveals that some of the implanted carbon goes to the intersti-
tial sites, forming complex defects with implantation-induced
Sc-vacancy and substitutional oxygen, with the out-of-plane
lattice expansion. However, a major amount of implanted
carbon goes into the implantation-created N-vacancy sites as
substitutional carbon (CN), responsible for the carrier com-
pensation in the implanted films.

Charge densities integrated for 100 meV away from both
the valence and conduction band edges correspond to the N
2p and Sc 3d orbitals, respectively, for pristine and carbon-
doped ScN with various defect configurations [see Figs. 5(a)
to 5(d)]. However, extra C 2p states are in the valence band
edge only for the substitutional carbon (CN) defects, as shown
in Figs. 5(b) and 5(d). The calculated neutral defect formation
energies as a function of oxygen chemical potential and partial
pressure indicate the possibility of the formation of individual
defects and defect complexes. Among all possible defects,
ON is the most stable defect with higher negative formation
energies above the oxygen partial pressure of 10−12 Torr [refer
to Fig. 5(e)]. The formation energy of CN is positive and
consistent with the previous literature report, indicating the
inability to form spontaneously [45]. However, the formation
energy of p-type defect complex CN−ON is lower than CN but
still positive, suggesting this type of complex defect can be
formed in a nonequilibrium process such as ion-implantation.
Even a single Sc vacancy defect has also higher formation
energy and is unable to form, but its p-type defect complex
VSc−ON has a much lower formation energy and is easy to
form. Even interstitial carbon-related n-type complex defects,
such as VSc−Cint−ON and VSc−Cint−CN−ON in their neutral

state, have negative formation energies in the higher oxygen
partial pressure region, as shown in Fig. 5(e).

However, the neutral defect formation energies alone are
insufficient to determine the correct formation energies quan-
titatively. Therefore, charged defect formation energies as a
function of the Fermi level position are essential to fully
understand the defect physics in ScN. The calculated forma-
tion energies of various charged defects as a function of the
Fermi level position are shown in Fig. 6. The slope of each
straight line corresponds to the defect charge. Although the
defect formation energy of neutral carbon in the interstitial
site (Cint) is quite high, the charged defect counterparts have
lower formation energies as a function of the Fermi level. The
defect formation energy of C+4

int at the VBM is 2.21 eV [see
Fig. 6(a)], which is substantially lower than the formation
energy of neutral Cint, suggesting the possibility of C to go
into the interstitial tetrahedral voids with +4 charge state and
average C-N bond length of 1.58 Å (see Fig. S13(a) in SM
[51]), yielding a donor-type doping signature in ScN. The
thermodynamic transition level (+4/+3) occurs at 0.25 eV
below the CBM as shown in Fig. 6(a).

The charged defect formation energies of Cint in ScN are
quite similar to Cint defects in GaN, as reported in previous
literature [46,88]. Additionally, defect formation energy cal-
culations reveal that clustering of such interstitial C, along
with the cation (Sc) vacancy and oxygen substitution in the
N-site (ON) in +2 charge state, further lowers the formation
energy as compared to the C+4

int point defect, suggesting its
formation as a charged defect complex in ScN. Depending
on the relative position of Cint and ON, two different con-
figurations of the same defect complex, VSc−Cint−ON, can
form, as shown in Figs. S13(b) and S13(c) in the SM [51].
Among them, one has the lowest formation energy, named
VSc−Cint−ON (1), as shown in Fig. 6(a). The defect formation
energy of another complex defect, VSc−Cint−CN−ON, with
+1 charge state, is quite high in the N-rich condition [see
Fig. 6(a)].

The formation energy of CN at N-rich conditions is also
high, with a thermodynamic transition level (0/-1) near the
VBM. However, its defect complex, CN−ON, has lower for-
mation energy, indicating the stability of CN with the presence
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FIG. 6. Thermodynamic formation energy of native defects and defect complexes in ScN under both N-rich and Sc-rich conditions as a
function of the Fermi level. The VBM is set at zero energy, and the Fermi level varies throughout the bandgap. The CBM is marked by the
dashed line. (a) Formation energy of C-related point defects such as CN, Cint, along with their defect complexes with other point defects, like
VSc, ON, in the N-rich condition. (b) Formation energy of VSc and VSc−nON complex defects in the N-rich case. (c) Formation energy of
CSc in different charge states and VN and ON with charged states +2 and +1, respectively, in the N-rich condition. (d) Formation energy of
CN, CN−ON, VN, and ON under the Sc-rich condition with their suitable charge states. Charges of each point defect and defect complexes are
mentioned.

of oxygen atoms in the neighboring N-site [refer to Fig. 6(a)].
Similarly, VSc in −3 charge state has higher formation energy,
but its defect complexes VSc−nON, with lower formation
energy, can be formed as shown in Fig. 6(b), consistent with
the previous report [50]. The formation energies of acceptor-
type defects VSc−ON with -2 charge state and VSc−2ON

with -1 charge state are lower than that of the donor-type
VSc−Cint−ON with +2 charge state at a position of the
Fermi level corresponding to a carrier concentration of ∼
4 − 5 × 1020 cm−3. Meanwhile, C-related acceptors like CN

with −1 charge state and the neutral CN−ON complex have
slightly higher formation energies (∼ 0.40 − 0.54 eV) than
VSc−Cint−ON (refer to Fig. 9 in Appendix C). Such com-
plexes form easily due to the Coulomb attraction between
positively charged donors (ON) and negatively charged ac-
ceptors (CN, VSc), leading to the electron compensation in
ScN with the Fermi level moving away from the CBM [see
Fig. 4(c) and Fig. 4(e)].

The C substitutional point defect in the Sc-site (CSc) is also
unlikely to form due to the quite high formation energy in
various charge states, as shown in Fig. 6(c). The most stable
point defect in ScN is O+

N, having a shallow donor nature
in both the N-rich and Sc-rich conditions [see Fig. 6(c) and

Fig. 6(d)], consistent with the previous reports [45,50]. The
nitrogen-vacancy (VN) acts as a donor in ScN with posi-
tive formation energy in the N-rich condition, as shown in
Fig. 6(c). However, the formation energy of V+2

N is negative
at the entire Fermi level position inside the bandgap for the
Sc-rich condition and contributes electrons to the conduction
band [see Fig. 6(d)], in agreement with the previous reports
[11,45]. In the Sc-rich condition, both CN and CN−ON have
significantly lower formation energies as compared to the N-
rich condition, suggesting the improved hole-doping ability
of C, as shown in Fig. 6(d). However, the ScN thin film
deposited at Sc-rich conditions contains a significant amount
of N-vacancy donor defects, suggesting further difficulty in
carrier compensation using C doping through cosputtering.

The analysis of both the neutral, charged defects and defect
complexes qualitatively explains the experimentally observed
electron compensation in the C-implanted ScN thin films de-
posited under N-rich growth conditions. The incorporation of
carbon inside ScN under N-rich conditions through cosput-
tering did not result in any electron compensation due to
the formation of a stable VSc−Cint−ON donor-type defect
complex [see Table S1 and Fig. 6(a)]. To overcome this chal-
lenge, we have used the room-temperature ion-implantation
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method, which is inherently a nonequilibrium method, where
implanted C creates both N and Sc vacancies, and the
next implanted carbon atoms occupy the N vacancy sites in
such a nonequilibrium process and also form CN−ON defect
complex, leaving aside Sc-vacancies due to the very high
formation energy of CSc [see Fig. 6(c)].

The comparison between DOS shows that with respect
to the pristine ScN:ON, where the Fermi level is situated
inside the conduction band, the formation of both CN and
CN−ON complex defects lead to the shift of the Fermi
level towards the valence band [see Fig. 4(b), Fig. 4(d),
and Fig. 4(e)], suggesting carrier compensation under the
formation of the CN and CN−ON defect complex in the
C-implanted ScN thin films without annealing. However,
implantation-induced Sc-vacancy along with neighboring
ON’s (VSc−ON and VSc−2ON), having lower formation en-
ergies than VSc−Cint−ON for the position of the Fermi level
inside the conduction band (see Fig. 9 in Appendix C), are also
responsible for carrier compensation, as the Fermi level for
VSc−ON defect complex shifts towards the valence band as
compared to the ON point defect from the DOS calculations,
as shown in Fig. 4(c). However, at the higher implantation
dosage, the compensation effect is suppressed due to the
occupation of excess C in the interstitial sites and forming
donor-type defect complex VSc−Cint−ON with +2 charge
state that counteract the CN’s acceptor doping ability and lead
to a saturation in the carrier concentration. Therefore, our
theoretical calculations support the experimentally observed
acceptor nature of C under the moderate ion-implantation
dosage. It also explains the saturation in the acceptor doping
ability as well as the amphoteric nature of implanted C in ScN
at higher implantation dosage, and also the inability to achieve
any acceptor doping with magnetron cosputtering.

Furthermore, on annealing, the system tends to lower its
energy by substitutional carbon (CN) going into the more
stable and equilibrium interstitial positions, forming isolated
nitrogen vacancies and the defect complex with neighboring
VSc and oxygen in the nitrogen site (VSc−Cint−ON), which
is thermodynamically more stable than individual CN from
the equilibrium formation energy analysis, reducing the hole
doping ability of C in ScN. However, mobility does not im-
prove due to the higher impurity scattering from the excess
donor defect VSc−Cint−ON in its +2 charge state. (see SM
Sec. X [51]). This also explains the unsuccessful attempt to
observe the carrier compensation and hole-doping nature of
carbon during cosputtering methods, where most of the doped
carbon went to the interstitial positions and formed n-type
defect complexes.

IV. CONCLUSION

In conclusion, this work experimentally explores the
feasibility of carbon doping in ScN. Despite the higher forma-
tion energy, acceptor-type CN and acceptor complex defects
CN−ON, VSc−ON, and VSc−2ON can be formed by employ-
ing the ion-implantation method that enables the formation
of nonequilibrium defects. The formation of anion-substituted
CN in ScN is evident from the decrease in the electron concen-
tration by more than one order for a C implantation dosage of
5 × 1016 cm−2. The Sc-C bond formation, resultant distortion,

and lowering of the Fermi level towards the valence band edge
are apparent from XPS, XAS, and UPS measurements. The
C-implanted ScN films with compensated electrons preserve
crystallinity and elemental homogeneity. Additionally, the
first-principles calculations of both neutral and charged defect
formation energies revealed the formation of acceptor-type
defect complexes such as CN−ON, VSc−ON, and VSc−2ON,
which explain the experimental carrier compensation in ScN
on carbon ion-implantation. However, at higher implantation
dosage, the compensation effect is suppressed due to the for-
mation of a stable VSc−Cint−ON n-type defect complex. With
such detailed experimental and theoretical analysis, this work
addresses the challenges associated with carbon doping in
ScN, while also offering alternative approaches for doping and
enabling precise tuning of carrier concentration and thereby
associated material properties.
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FIG. 7. (a) Depth profile of C 1s XPS peak of ScN: C ∼ 1 × 1014 cm−2 film. Without sputtering, the C 1s peak is located at 284.6 eV,
corresponding to an adventitious carbon on the sample surface, and the C 1s peak position remains unchanged with sputtering. (b) C 1s depth
profile of ScN thin film with an implantation dosage of 1 × 1015 cm−2. The binding energy of the C 1s peak shifts to the lower energy side
from the adventitious carbon position with sputtering, indicating the formation of Sc-C bonds within the sample. (c) Depth profile of Sc 2p and
N 1s XPS peaks in ScN: C ∼ 1 × 1015 cm−2 film. The sample surface shows strong oxygen contamination from strong Sc-O bonding, which
eventually reduces inside the sample with sputtering.
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APPENDIX A: X-RAY PHOTOELECTRON
SPECTROSCOPY DEPTH PROFILE ANALYSIS

The depth profile of the core-level electronic structure is
determined from XPS measurements by observing C 1s, Sc
2p, and N 1s peaks, as shown in Fig. 7. The XPS peaks are cal-
ibrated with respect to the adventitious C 1s peak at 284.6 eV
present in the sample surface without sputtering, as mentioned
in the previous study [89]. The C 1s peak position remains

unchanged with sputtering for lower dosages [Fig. 7(a)] but
shifts to the lower energy side for higher C-implanted sam-
ples [Fig. 7(b)] indicating the formation of Sc-C bonds with
increasing C-implantation dosage, where C goes into the N
site, observing an effective carrier compensation. As Sc is
more prone to oxidation, a strong Sc-O peak is observed at
the sample surface, which eventually fades within the sample,
as evident in the Sc 2p XPS peak with sputtering. The ScN
feature is more prominent, as shown in Fig. 7(c).

APPENDIX B: SPECTROSCOPIC ELLIPSOMETRY
MEASUREMENT

The compensation of electron concentration in C-
implanted ScN is verified further by analyzing its optical

FIG. 8. (a) Real (ε1) and (b) imaginary (ε2) parts of the dielectric permittivity of pristine and C-implanted ScN thin films from ellipsometry
data fitting. The plasmonic response shifts from short-wavelength IR (SWIR) to the long-wavelength region with increasing implantation
dosage due to the compensation of carrier concentration from carbon in the nitrogen site (CN).
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FIG. 9. Formation energy of major point defects ON, CN, and Cint

and defect complexes VSc−ON, VSc−2ON, and VSc−Cint−ON under
N-rich conditions as a function of the Fermi level position, showing
in a single plot. The VBM is set at zero energy, and the Fermi level
varies throughout the bandgap. The CBM is marked by the dashed
line.

properties. The dielectric permittivity is derived from the fit-
ting of the experimental Psi (
) and Delta (�) spectra using
variable-angle spectroscopic ellipsometry. For pristine ScN,
the real part of the permittivity (ε′) exhibits a crossover from
positive to negative values, indicating an epsilon-near-zero
(ENZ) transition, around 2177 nm, characteristic of plasmonic
behavior (λ1

p) as shown in Fig. 8(a).

Under the C-implantation into ScN, the ENZ crossover
shifts to longer wavelengths, correlating with a reduction in
electron concentration. In highly C-implanted ScN samples,
ε′ remains positive across the entire measured spectral range,
indicating a complete transition to dielectric behavior.

Additionally, the imaginary part of the permittivity (ε′′),
which represents optical losses, is nearly zero below the
bandgap in pristine ScN. However, with increased C-
implantation, optical losses below the bandgap increase [refer
to Fig. 8(b)] due to implantation-induced defects. Interest-
ingly, losses at longer wavelengths, originating from intraband
electron transitions and characteristic plasmonic response, di-
minish with C implantation.

These observations clearly demonstrate that increasing
C-implantation reduces carrier concentration, resulting in a
progressive transition from short-wavelength infrared (SWIR)
plasmonic behavior to a purely dielectric nature in the ob-
served spectral range of the ellipsometer.

APPENDIX C: THERMODYNAMIC FORMATION ENERGY
OF MAJOR POINT DEFECTS AND DEFECT COMPLEXES

The formation energy of major point defects (CN, Cint,
and ON) and defect complexes (VSc−ON, VSc−2ON, CN−ON,
and VSc−Cint−ON) regarding the current scenario of C-
implantation in ScN under the N-rich condition is shown
as a combined plot in Fig. 9. The Fermi level position is
extended inside the conduction band, corresponding to the
nonimplanted pristine ScN’s electron concentration of ∼5 ×
1020 cm−3.
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