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ABSTRACT

Defects tend to modify significantly the properties of semiconductors, such as transport properties, by increasing the scattering of electrons
and phonons, or optical properties, by modifying the band structure and the Fermi level. The high interest of ScN thin films for thermoelec-
tric applications results from the incorporation of oxygen, which is well known to be the source for their degenerate n-type state and their
significant power factor. Indeed, oxygen acts as a donor defect when substituted to nitrogen. In this study, oxygen ion implantation was per-
formed at a high damage level as a way to modify electrical properties through defect engineering. Hence, we measured the changes in elec-
trical properties induced by oxygen implantation at room temperature. Two types of defects have been identified as being responsible for
the change in resistivity, carrier concentration, mobility, and Seebeck coefficient. At first, the point-like defects, recombining from 440 K
and onward, introduce localized states near the Fermi level, inducing a change in the conduction mode from a metallic-like to a hopping
mechanism. The relationship between Mott’s temperature and defect concentration has been clearly demonstrated through in situ resistivity
measurements in the 80–750 K temperature range. Furthermore, these measurements highlight that oxygen induced defects result not only
from ballistic effects, but also from chemical effects that are involved. Second, the complex-like defects introduce deep acceptor levels into
the bandgap and act as scattering centers that modify the Debye temperature as well as the electron–phonon interactions. These complexes,
likely between scandium vacancies and oxygen atoms (VSc-yO, y≤ 4), are primarily responsible for the increase of the Seebeck coefficient
and the reduced mobility. The concentration of such defects can qualitatively be assessed as their formation introduces an additional term,
independent of temperature, in the variation of resistivity, mobility, and also the Seebeck coefficient. The recovery of the complex-like
defects takes place at a minimum temperature of 750 K. Results show that the effectiveness of oxygen in creating defects exceeds that of
noble gases in terms of concentration, demonstrating the promise of this approach to control the electrical properties of ScN.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0230961

I. INTRODUCTION

Scandium nitride (ScN) is a degenerated semiconductor with
an indirect bandgap of approximately 1 eV. It has received consid-
erable attention in recent years as nitride semiconductors for opto-
electronic applications and for its potential thermoelectric (TE)

applications.1 The interest for TE applications is driven by its sub-
stantial power factor (PF ¼ S2/ρ, with S being the Seebeck coeffi-
cient and ρ the electrical resistivity),2,3 comparable to conventional
materials, such as Bi2Te3,

4 PbTe,5 and SiGe.6 However, the thermal
conductivity of ScN, ranging from 11 to 20Wm−1 K−1 at room
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temperature (RT), is excessively high for routine thermoelectric
applications, prompting ongoing research into methods to reduce
it, such as alloying7–9 or ion implantation.10,11 Scandium nitride
(ScN) thin films exhibit n-type conductivity with high carrier con-
centration in the degenerate range of 1020–1022 cm−3. The reason for
such high doping arises from the substitution of nitrogen by oxygen
(ON ),

3,12 usually in the form of contamination during the deposition
process.13 The presence of oxygen in substitution does not drastically
alter the electronic band structure, but moves the Fermi level into
the conduction band.3,14 Other defects with negative formation ener-
gies act as donors, such as nitrogen vacancies (VN) or fluorine and
tantalum substituting for nitrogen (FN and TaN).

15 However, the
concentration of these donor defects strongly depends on the deposi-
tion conditions and the purity of the target,16 and consequently,
their effect on the doping of the films is usually negligible compared
with oxygen. The high n-type doping also achieved as acceptor
defects, such as scandium vacancies (VSc), antisites, or oxygen inter-
stitials (Oi), have high positive formation energy15 and, thus, are not
favorable. More generally, a better understanding of the defects,
whatever their type, is needed to control or monitor the transport
properties of materials for thermoelectric applications.

By its nature, ion implantation ensures a non-equilibrium con-
figuration in the implanted material. This is due to the ballistic
nature of the process, in which impurity ions of various species are
introduced into a host matrix, regardless of its metallurgical compat-
ibility. Once an implanted ion becomes immobilized, the system can
relax to a lower-energy configuration, closer to an equilibrium struc-
ture. This phenomenon also contributes to the formation of defects
of various types and dimensionalities. Consequently, this process is
commonly used in the microelectronics industry for doping and/or
creating defects as in the Smart Cut™ process, for example.17 More
recently, ion implantation has proven its use for engineering thermo-
electric materials by tuning their carrier concentration and improv-
ing the thermoelectric power factor.4,10,11,18–24 It has been effectively
utilized with various ions (Li+, Ar+, and Mg+) to substantially
decrease the thermal conductivity of ScN films highlighting the role
of defects in phonon scattering.10,11,24 The Seebeck coefficient is also
increased, which is beneficial for TE applications; however, a high
control of the defects created is needed in order to better control the
resistivity increase that occurs after implantation.

In the present study, oxygen ions were implanted at a high
damage level (dpa: displacement per atom), almost ten times
higher than in previous investigations involving noble gas implan-
tation (Ar and He).11,23 Oxygen is assumed to be electrically
active.15 Hence, a homogeneous damage level (9 dpa) throughout
the film thickness for a concentration between 1% and 2% of
implanted oxygen was reached to ensure that chemical effects were
not minimized or overlooked. The effects of both atom dopants
and implantation-related defects have been investigated through
electrical measurements.

II. EXPERIMENTAL DETAILS

Degenerate n-type ScN thin films were implanted using
oxygen (O+) ions. DC reactive magnetron sputtering in an ultra-
high vacuum chamber was used to deposit epitaxial-like ScN films
onto MgO substrates, with the orientation relationship: [111](111)

ScN || [111](111) MgO. More details on the deposition chamber
can be found elsewhere.25 A power of 120W was applied on a 2-in.
Sc target (Mateck/99.95%). The working pressure during deposi-
tions was kept at 2 mTorr for a 68% Ar/32% N2 sputtering gas-
mixture. The films were deposited onto one side-polished
10 × 10mm2 MgO(111) substrates, which were heated at 900 °C
and under constant rotation. Prior to deposition, the substrates
were cleaned using detergent steps (described elsewhere26), fol-
lowed by a 10 min ultrasonic bath of acetone, then of ethanol, and
finally blown dry with a N2-gun. These deposition steps ensure
good crystalline quality,27 thus limiting oxidation at the surface and
through the grain boundaries.28

The films were implanted with oxygen ions (O+) at room tem-
perature (RT) and at 773 K (500 °C) using the EATON VN3206
implanter, under an approximate vacuum of 1 × 10−6 mbar. The
beam current was kept below 12 μA for the films implanted at RT to
avoid any additional heating of the substrate, while for the films
implanted at 773 K, the beam current was increased up to
30 μA. The SRIM 2013 software was used under the full-damage
cascade29 to determine the depth profiles of the O ions implanted
into ScN using its theoretical density of 4.27 g cm−3. To reach a
homogeneous damage level throughout the film thickness, three
acceleration energies were used. The doses for each energy were
chosen to obtain a homogeneous total damage level of nine displace-
ment per atom (9 dpa), i.e., 2 × 1016, 5.2 × 1015, and 2.8 × 1015 cm−2,
respectively, for 120, 50, and 25 keV. The damage depth profiles for
each energy and the corresponding concentration of oxygen reaching
a cumulative value ∼1.5 at. % are presented in Fig. 1. A former exper-
iment has shown with argon implantation that damage regimes
larger than 1 dpa enable the tuning of electrical properties and con-
duction modes.23 In addition, it showed that a saturation regime was
reached after 3–4 dpa. Therefore, the choice for an implantation at
9 dpa is justified by the high doping rate of the sample.

Following its implantation at RT, the corresponding film was
annealed using two devices depending on the annealing tempera-
ture. After implantation, the film was annealed in situ while mea-
suring the resistivity, interrupting each measurement at 500, 600,
and 750 K. For each temperature, the in situ annealing was carried
out under no specific atmosphere and at a constant speed of
3 Kmin−1. For temperatures above 875 K, the annealing steps were
performed in a dedicated furnace for 10 min at constant tempera-
ture under a vacuum of 5 × 10−6 Pa. These annealing steps are
referred as “ex situ,” while the previous ones below 750 K are
referred as “in situ.”

Macroscopic in-plane resistivity ρ(T), charge carrier density n
(T), and mobility μ(T) were measured using ECOPIA HMS-5500,
which combines the van der Pauw method with the Hall effect. It
uses two setups: a cryostat setup for temperatures from 80 to 350 K
using liquid nitrogen and one for high temperature with tempera-
ture ranging from 300 to 750 K. The mobility is calculated using ρ
(T) and n(T) following μ(T) ¼ 1

ρ(T)n(T)e, with e being the elementary

charge. A constant magnetic field of 0.580 T was applied for the
Hall measurements. In situ annealing was performed using these
two setups.

The Seebeck coefficient S(T) was measured with the Physical
Properties Measurement System (PPMS, Quantum Design) using a
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linear four-probe configuration. In this configuration, the resistivity
can also be measured at a very low temperature. Therefore, below
80 K, in-plane resistivity is measured with this system.

III. RESULTS AND DISCUSSION

A. Overview on an implantation effect

Figure 2 shows the resistivity ρ(T) and the mobility μ(T) of
the ScN thin film in its initial state (labeled as Reference) and
implanted with O+ at 9 dpa at RT (labeled as O-9 dpa) in the
temperature range of 80–300 K. Below 110 K, the reference ρ(T)
appears nearly constant while it increases linearly with increasing

temperature above (dρ/dT . 0). This metallic-like behavior is
characteristic of highly degenerate semiconductors and is in good
agreement with the large charge carrier density measured, i.e.,
ne ¼ 2:2+ 0:2� 1021 cm�3. This value of the carrier concentra-
tion is attributed to oxygen incorporated during the film deposition
and is found to be constant with temperature leading to a decrease
of μ(T). The Seebeck coefficient at RT, around −22 μVK−1, is rela-
tively low for the reference state that can be explained by the high
carrier concentration/metallic-like behavior of the as-grown ScN.
Its negative value confirms the n-type conductive behavior. TE
materials are supposed to be optimized in a “moderately” degener-
ate state with a carrier concentration between 1019 and 1020 cm−3.30

FIG. 1. (a) Displacement per atoms (dpa) and (b) concentration profiles as a function of depth calculated using the SRIM code for multi-energy O-9 dpa implantation.

FIG. 2. Comparison of the electrical transport properties of the reference and implanted ScN samples (O-9 dpa) with (a) resistivity and (b) mobility in the temperature
range of 80−300 K.
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Once implanted with oxygen (O-9 dpa), a drastic change is
observed in the electrical properties of the film. The resistivity has
gained two to three orders of magnitude with the values at RT, at
39 mΩ cm. In addition, the temperature-dependent resistivity has
changed (dρ/dT , 0), characteristic of semiconductor-like behav-
ior. The carrier concentration remaining constant over the temper-
ature domain is also reduced to ne ¼ 2:7+ 0:2� 1020 cm�3, hence
close to ten times lower. Moreover, after ion implantation, the
Seebeck coefficient is enhanced from −22 to 84 μVK−1 at RT. Its
linear behavior in temperature is analyzed in detail in Sec. III E.

These observations when implanting ions into the ScN thin
films are comparable to those already reported with Ar and He
implantations.11,23 The change in the conduction mode from metal-
lic (as-deposited state) to semiconducting behavior (implanted state)
was ascribed to the creation of point-like defects that induce local-
ized states close to the Fermi level. Furthermore, the decrease of the
carrier concentration was explained by the creation of argon-vacancy
complex implantation-defects, which, in turn, form deep acceptor
levels in the bandgap. These defects were presumed to be the results
of ballistic effects induced by the noble gas implantation process.11

Interestingly, the changes or effects observed after O-implantation
(O-9 dpa) are much pronounced than those reported with noble
gases, where defect saturation was observed as early as 3–4 dpa.23 It
suggests that oxygen implantation leads to the formation of a higher
concentration of defects as well as different types of defects. One
challenge regarding the use of oxygen is the possibility of promoting
the oxidation of films. The reference sample has limited oxidation
due to its good crystallinity.27 Furthermore, the measurements are
reproducible through time and samples, which indicates that the
effects of possible oxidation remain limited with respect to the elec-
trical properties of the films. As a result, the effect of oxidation on
the properties was discarded in favor of implantation-related defects.

B. Conduction mechanism in the low temperature
regime (4–300K)

Temperature-dependent electrical resistivity of semiconductors
is given by

ρ(T) ¼ ρ0exp
Et
kBT

� �p� �
, (1)

where ρ0 is the resistivity coefficient, Et the transition energy, and p
a characteristic component (p . 0) defining the mode of electrical
conduction.31 Electrical conduction can be achieved by band con-
duction, which is thermally activated or through hopping of the
charge carriers between localized states. With decreasing tempera-
ture, hopping mechanisms can vary from Nearest Neighbor
Hopping (NNH) to Variable Range Hopping (VRH). For NNH
conduction, carriers hop to localized states in the impurity donor
band, while for VRH conduction, hopping takes place between the
localized states close to the Fermi level. VRH mechanisms can be
of two types depending on the temperature: Mott-VRH introduced
by Mott32 and ES-VRH presented by Efros and Shklovskii for
lower temperatures.33 Mott-VRH, where the Coulomb interaction
between electrons is neglected, considers a constant density of state
(DOS) close to the Fermi level. In Table I, the exponent p, the

characteristic energy Et for different mechanisms, and the charac-
teristic temperature for the VRH mechanisms are listed. In the case
of ES-VRH happening at a very low temperature, the Coulomb
interactions cannot be neglected anymore, as the system is not
energetic enough to overcome those interactions between carriers,
which leads to a Coulomb gap.

Further investigations of the semiconducting mechanisms
taking place in the implanted film at the low temperature regime
(4–300 K) are presented in Fig. 3. The change in the slope around
40 K, with a sharp rise in resistivity up to 4 K, Fig. 3(a), reveals a
different conduction mechanism than at a higher temperature.
Between 4 and 40 K, ln(ρ) exhibits a linear dependence function
of T−0.5 [Fig. 3(b)], while above 80 K, ln(ρ) is linear with T−0.25

[Fig. 3(c)]. This highlights the change in the dominant electrical
conduction mechanism, ES-VRH for T < 40 K, and the Mott-VRH
hopping mechanism for a higher temperature T > 80 K, at least up
to 300 K [see Fig. 3(a)]. Consequently, the dominant electrical
conduction operating in Fig. 2(a) is Mott-VRH conduction. The
characteristic Mott-VRH conduction temperature TM ¼ Et/kB cal-
culated from the slope is estimated to be about TM � 18 800K.
This value (O-9 dpa) is much higher than that reported for argon,
which was found to remain unchanged at around 16 K beyond
3–4 dpa.23 TM gives qualitative information on the defect concen-
tration as it is inversely proportional to the cube of the localization
length (Table I) and, hence, shows that an extremely high density
of point-like defects is generated during oxygen implantation.

Previous experiments with noble gases have shown that the
point-like defects responsible for this change in the conduction
mode could be related to clustering of self-interstitials (Sci and Ni)
caused by ballistic effects.23 Indeed, the noble gas defects do not
introduce shallow levels, which ensured that the electrical proper-
ties were not modified by any chemically induced defects. These
ballistic induced defects are created for any implanted ion as it is
dependent on nuclear processes. However, chemical effects are at
play since oxygen is electrically active when forming substitutional
(ON) or interstitial (Oi) defects,15 hence introducing shallow or
deep levels, respectively. Calculations have shown that the DOS and
the Fermi level were not modified in the same way depending on
the generated defects. Indeed, Sc or N vacancies (VSc or VN) lead to
more changes in the band structure and the DOS than ON defects,
especially by introducing states close to the Fermi level.14,34,35

Similar observations were made on ScMN2-type phases where ON

did not lead to the creation of energy states close to the Fermi level

TABLE I. Characteristic energies, exponents, and temperatures of the different elec-
trical conduction modes in semiconductors with LC representing the localization
length, N(EF) the density of states (DOS), kB the Boltzmann constant, and ϵ the
dielectric constant.31

Conduction
mechanism

Characteristic
energy Et

Exponent
p

Characteristic
temperature Tt

Band conduction Ea 1 …
NNH ENNH

a , Ea 1 …
Mott-VRH EM = kBTM 0.25 TM ¼ 18

L3CN(EF )kB
ES-VRH EES = kBTES 0.5 TES ¼ 2:8 e2

ϵLckB
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unlike VN.
34 Interstitial and vacancy defects have high formation

energy, which decreases their formation probability at equilib-
rium.15 The benefit in using implantation is that it creates non-
equilibrium configurations, enabling the formation of these defects.
Moreover, point defects, such as VSc and Oi, act as acceptor
defects.15 Thus, the high concentration of point-like defects after
oxygen implantation is the result of defects created by ballistic
effects as well as the oxygen defects induced by chemical effects.

C. Recovery of point-like defects

The resistivity measurements of the in situ annealing steps are
presented in Fig. 4. The implanted film (O-9 dpa) was first mea-
sured until 500 K (blue points). The film was then cooled down to
80 K and the measurement was run again from 80 to 600 K (red).
The same process was followed for the next two measurements,
performed from 80 to 750 K (green and then orange, respectively).
For each step, the resistivity exhibits reversible semiconducting
behavior (↔) in a temperature range extending up to the previous
measurement. Beyond the previous temperature at which the in
situ annealing was stopped, a sharp increase in the slope is
observed, after which the behavior is no longer reversible (→). This
decrease of electrical resistivity and irreversibility clearly shows the
activation of another mechanism similar to the one observed in
Ar+ and Mg+ implanted ScN thin films and which was attributed
to the recombination of point-like defects.23,24 After annealing up
to 750 K (orange), the reversible region extends all the way to
750 K and the metallic-like behavior of the reference samples is
recovered above 300 K, which highlights that the point-like defects
are close to fully recombined.

The Mott-VRH temperatures TM were calculated and are
listed in Table II. Upon successive annealing, TM decreases, nearly
reaching 0 K once the metallic behavior is recovered. With TM

being inversely proportional to the cube of the localization length
Lc, these variations during in situ anneals (Table II) result from the
decrease in the density of the localized states, directly linked to the
generation of point-like defects, and their nearly complete

FIG. 3. (a) Resistivity of the implanted ScN on a log-scale vs T highlights the change in slope and, therefore, the change of the conduction mechanism in the temperature
range of 4–300 K. The log-scale resistivity vs (b) T−0.5 and (c) T−0.25 is represented with their linear domains emphasized by straight lines (red).

FIG. 4. Electrical resistivity vs temperature of the implanted ScN (O-9 dpa)
undergoing several in situ annealing steps: (i) the film is cooled down to 80 K,
and (ii) the measurement is run to the desired temperature. This process was
repeated four times, to measure up to 500 K first, then 600 K, and, finally, two
times up to 750 K. The reversible behavior of ρ(T ) is shown by two-way black
arrows along with the colored region, while the single-colored arrows along with
the hatched regions illustrate the region where point-like defects are
recombining.
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recombination at 750 K. The recombination of these defects not
only leads to a change in the conduction mode but also in a partial
release of the carriers, as the carrier concentration increases to
ne ¼ 5:5+ 0:5 � 1020 cm�3 after the annealing at 750 K. The
recent reports with noble gases (Ar and He) have attributed the
decrease in the carrier concentration only to the complex-like
defects. Indeed, the reduced concentration observed after implanta-
tion remained constant after the recombination of all point-like
defects. Meanwhile, in the present study, once the point defects
induced by oxygen implantation are recombined, the carrier con-
centration has been increased, compared to the implanted state.
The activation energy of recombination has been estimated through
the in situ successive measurements using an Arrhenius model. It
has been estimated to increase from Ea, implanted ¼ 80+ 10meV to
Ea, 600K ¼ 345+ 10meV after the 600 K annealing. The activation
energy found after implantation (Ea,implanted) is similar to that
reported for argon implantation,23 which indicates that the defects
recombining are of the same type, i.e., resulting from ballistic
effects. At a higher temperature, larger activation energy indicates
the recombination of other point-like defects. Their recombination
leads to a release of the charge carriers. Hence, these defects corre-
spond to the electrically active oxygen defects, i.e., resulting from
chemical effects. Such results demonstrate that predominantly

acceptor point-like defects are created, such as interstitial oxygen
(Oi) and scandium vacancies (VSc), which modify the density of
states.14,15

D. Recovery of complex-like defects

Ex situ annealing steps were carried out at temperatures from
875 to 1375 K where only complex-like defects remained at a tem-
perature above 875 K. As shown in Fig. 5, beyond 875 K, both resis-
tivity and mobility gradually recover with increasing annealing
temperature, in concomitance with the carrier release. This suggests
that the implantation-related complex-like defects of acceptor-type
recover (or undergo transformation) during annealing. However,
even after annealing at 1375 K, the degenerated semiconductor
properties are not fully restored, showing that there are still defects
affecting the electrical properties, as previously reported for
Ar-5dpa implanted ScN.11 Even after high temperature annealing
(1375 K), the mobility is still close to half that of the reference state,
highlighting a scattering effect of these complex-like defects.

The metallic-like behavior of resistivity, Fig. 5, for T >T0 = 110 K,
can be described by the following equation:

ρ(T) ¼ ρR þ α(T � T0)þ ρCD, (2)

with α being the slope of the curve, ρR the residual resistivity, and ρCD
the additional resistivity induced by the complex-like defects created
during the implantation process. The residual ρR was estimated from
the reference curve and kept constant for the implanted/annealed
curves, ρR ¼ 0:036mΩ cm. The contribution of introduced complexes
could be estimated once all point defects were recombined,
ρCD,750K � 2:2mΩ cm. This value, larger than that observed for

TABLE II. Variation of the Mott temperature (TM) as a function of temperature steps
of the previous in situ measurement and, thus, in relation to the state of ScN.

State of the film Implanted 500 K 600 K 750 K

TM (K)+ 5% 18 800 9200 1400 0.5

FIG. 5. (a) Resistivity and (b) mobility vs temperature of the implanted ScN (O-9 dpa) undergoing subsequent ex situ annealing (875–1375 K). Different models were used
and are represented by the red lines: (a) Bloch–Grüneisen model [Eq. (3)] below 300 K to describe the electrical resistivity and (b) the Matthiessen model [Eq. (4)] to
describe the mobility.
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argon (Ar > 3 dpa), highlights the ability of oxygen to create defects of
a stable nature, including vacancy-type defects as reported for noble
gases. Moreover, recent first-principles calculations have shown that
oxygen readily forms acceptor-type (VSc-yO, y � 4) complexes acting
as scattering centers with their formation energy decreasing as the
carrier concentration increases.35 Since isolated VSc has relatively high
energy of formation,15 the vacancies produced by implantation can
easily associate with the implanted oxygen to form these stable
complex-type defects. The complex-like defect contribution to resistiv-
ity decreases with respect to the annealing temperature (Table III),
which reveals their partial recovery as a function of these temperatures.
The slope of the resistivity curves, α, is also found to decrease toward
the reference value with increasing annealing temperature (Table III)
suggesting that the electron–phonon scattering interactions are modi-
fied by the introduction and recovery of these defects. In the low tem-
perature regime, the resistivity of metals can be usually described by
the Bloch–Grüneisen model, taking into account the electron–phonon
interactions,

ρ(T) ¼ (ρR þ ρCD)þ A
T
θD

� �nðθD
T

0

tn

(et � 1)(1� e�t)
dt, (3)

with A as a constant, θD the Debye temperature as obtained from the
resistivity measurements, and n a factor that depends on the interac-
tion’s nature. θD is usually used for quantifying the material stiffness
and, thus, retrieves information on the coupling between atoms as θD
is a function of wD, the maximum frequency for phonon vibrations. It

can also be broken down as follows: θD ¼ �hωD
kB

¼ �hvs
kB
(6π2ne)

1/3, with
vs being the sound velocity and n the carrier concentration. In the
case of ScN films, the resistivity curves were fitted considering the scat-
tering of electrons by phonons; thus, n ¼ 5.36 The fit, using Eq. (3), of
temperature-dependent resisitivity for the reference film [Fig. 5(a)]
leads to a Debye temperature close to 900 K, which is higher than the
theoretical calculation θD � 710K.37 Nevertheless, the measured and
theoretically calculated temperatures are in good agreement with each
other as the theoretical calculations were made for an ideal material,
i.e., without defects, and, thus, not considering any unintentional
doping and using specific heat, which usually gives lower θD values.
The decrease of θD toward θD from the reference film value highlights
the recovery of the physical properties of ScN during subsequent
annealing. The values of θD below the one from the reference film can
be attributed to an annealing temperature higher than the deposition

temperature, which can modify the residual state or defects that can be
present for the as deposited film.

On the other hand, Matthiessen law can be used to
describe the mobility [Fig. 4(b)] when the metallic-like behavior is
recovered,

1
μ(T)

¼ 1
μlat (T)

þ 1
μR

þ 1
μCD

, (4)

with μlat � T�1:5 being the lattice mobility, μR the residual mobility,
and μCD the additional mobility induced by complex-like defects
created during the implantation process. The residual mobility was
calculated from the reference curve (μR ¼ 56 cm2V�1 s�1) and con-
sidered the same for the annealed sample mobilities. The defect
contribution μCD on the mobility is listed in Table III. After implan-
tation, the mobility is strongly decreased and is dominated by the
as-introduced defects μCD(O-9 dpa) ¼ 15 cm2V�1 s�1. According to
the Matthiessen law, the contribution from complex-like defects is
dominant and overtakes the contribution from the residual state.
With increasing annealing temperature, μ and μCD are increasing,
which shows that the defect contribution on the mobility is decreas-
ing, and thus, that there is recombination of the complex-like
defects. Both the resistivity and mobility curves (Fig. 5) exhibit only
one slope along the temperature range, which reveals that only one
mechanism controls the recombination of these complex defects.

E. The Seebeck coefficient

For a strongly degenerate semiconductor or an electron gas in
a metal, the Seebeck coefficient Sd is calculated by the following
equation:38

Sd(m
*, ne, r) ¼ � kB

e
r þ 3

2

� �
π2

3
1
η

/ m*n
�2
3
e T , (5)

where r is the scattering parameter (r = 1.5 for ionized impurity
scattering and r =−0.5 for scattering at acoustical phonons), m*
the effective mass of the carriers, and η(ne, m*, T) ¼ [EF�Ec]

kBT
the

reduced chemical potential (EF being the Fermi energy and Ec the
conduction band minimum energy). Based on the fitting of carrier
mobilities, showing that the contribution of impurities (residual
and implantation-related defects) is not negligible and even prevails
after implantation, the Seebeck scattering coefficient was fixed to
r = 1.5. Using Eq. (5) and considering the Fermi gas model, a good

TABLE III. Room temperature electrical resistivity and charge carrier concentration, calculated temperature dependence resistivity slope (α) [Eq. (2)], additional contribution
from the complex-like defects to resistivity (ρCD) and mobility μCD, and the Debye temperature (ΘD).

ρ300 K (mΩ cm) ne (×10
20 cm−3) α (×10−4 mΩ cm K−1) ρCD (mΩ cm) μCD (cm² V−1 s−1) ΘD (K) ± 5%

Reference 0.073 22.1 ± 2.1 1.2 … … 912
875 K 0.853 6.7 ± 0.7 5.2 0.718 16 1169
1075 K 0.486 8.0 ± 0.8 3.5 0.383 23 986
1175 K 0.343 10.7 ± 1.1 2.8 0.254 30 931
1275 K 0.244 13.5 ± 1.4 2.2 0.166 39 897
1375 K 0.188 16.0 ± 1.6 2.0 0.114 44 878
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fit of Sd(T) is obtained by taking an effective mass of 0.68 ± 0.02m0

for the reference sample (m0 being the mass of the electron). The
reported values for the transport effective mass of electrons in ScN
vary between 0.1 and 0:8m0,

16,37,39–41 depending on the calculation
or experimental method used. However, this higher effective mass
obtained from the fitting of the Seebeck agrees well with Mu et al.
who showed that the density of states and the transport effective
mass were increasing with the electron energy above the conduc-
tion band minimum.40

The O-9 dpa implanted ScN has temperature-dependent
Seebeck behavior that can be expressed as

Sd(m
*, ne, r)/ m*n

�2
3
e T þ SD, (6)

where SD is an additional term induced by the implantation-related
defects (similar to the additional terms introduced to fit resistivity
and mobility, SD ¼ 0 in the as-grown samples). Using Eq. (6), a value
of SD ¼ �17 μV K�1 is found in the O-9 dpa implanted sample and
the effective mass must be reduced to m* = 0.58 ± 0.02m0. This
model can still be used as the reduction in the number of free carriers
leads to a decrease in the Fermi level, which is expected to still be
located in the conduction band (ScN remains a degenerate semicon-
ductor according to Mott’s criterion). Therefore, the increase of the
Seebeck coefficient after implantation in the 100–300 K temperature
range is caused by two related factors: the trapping of carriers by the
complex-type defects and the decrease of the effective mass due to
the decrease of the Fermi level, which is a function of the decrease in
the carrier concentration.40 The relevance or effect behind the addi-
tional term remains to be verified, as does the choice of the Seebeck
scattering parameter.

Finally, to generate only stable complex defects and enhance
the dynamical recombination of point-like defects, an implantation

at 773 K was conducted with the same conditions as the implanta-
tion performed at room temperature. The results presented in
Fig. 6 align with the predictions from the film annealed in situ at
750 K (Fig. 4). Indeed, ρ773K(300K) � 2:1mΩ cm, while
ρ750K(300K) � 2:3mΩ cm. Below 300 K, some light hopping con-
duction remains (Fig. 6), while above 300 K, the resistivity exhibits
metallic-like behavior, showing that the vast majority of point-like
defects did not form or were dynamically recombined upon
implantation. As the implantation temperature is higher, the
annealing dynamic that occurs during collisions is reinforced,
which explains why almost no point defects remain after implanta-
tion. Similarly, the Seebeck coefficient is also improved compared
with the reference film at an intermediate level compared to that
implanted at RT. Interestingly, the temperature dependence slope
remains rather the same for both implantation but with a lower
defect contribution (SD ¼ �7 μV K�1).

F. Discussion

Substituted oxygen ON forms spontaneously in ScN and is the
primary source of doping (donors).12 However, when injected out
of equilibrium by the implantation process, no additional n-type
doping effect is observed: the majority of as-introduced defects are,
therefore, of the acceptor-type. This observation remains valid even
after thermal annealing at high temperatures, up to 1375 K. Indeed,
regardless of the post-treatment after implantation (whether in situ
or ex situ annealing), the concentration of carriers remains lower
than the initial doping level (see Secs. III B and III D). In contrast,
a strong compensation effect or carrier trapping is observed after
implantation (∼87% of the free carriers are trapped). Our results
indicate that this effect arises from at least two mechanisms: the
formation of point-like defects and complex-like defects. In the
case of point defects, which are responsible for the change in

FIG. 6. Comparison of the electrical transport properties of the reference and ScN samples (O-9 dpa) implanted at RT and at 773 K: (a) resistivity and (b) Seebeck coeffi-
cient, with their respective linear fits in the temperature range of 80–300 K.
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the conduction mode, the formation of interstitial oxygen (Oi)
under implantation is considered. These acceptor-type defects form
directly under implantation and are expected to recombine with
vacancy defects at “low” temperatures (i.e., between 400 and 750 K),
with an activation energy of about 345meV as discussed in Sec. III C.
The maximum concentration of implanted oxygen forming intersti-
tials was estimated from the difference in carrier concentrations of
the implanted and the annealed at 750 K state of the film. The varia-
tion of charge carrier concentration during in situ annealing corre-
sponds to the charge carriers released as the acceptor-type point-like
defects recover. Hence, based on the measured carrier concentrations
and assuming that Oi is a single charged acceptor point-like defect
(though it can also be doubly charged),15 there is at most 23 at. % of
the implanted oxygen that can be placed on interstitial positions
after implantation at RT. Additionally, ballistic point defects are
simultaneously created and recombined with Ea = 80meV, in agree-
ment with what was reported in previous studies.23,24 The annealing
of these point-like defects leads to a decrease of the Mott tempera-
ture, which highlights the recombination of these defects.

The implanted oxygen also forms acceptor-type complexes
that do not change the conduction mode, as the energy levels they
generate are located further from the Fermi level, i.e., within the
bandgap. These defects trap the electrons, leading to a decrease of
the effective mass, and act also as electron scattering centers, there-
fore reducing the electron mobility. Their recombination for a
higher annealing temperature leads to a recovery of the Debye tem-
perature, which shows the resaturation toward the reference state.
These defects are assumed to be of the form (VSc-yO),

35 which is
in good agreement with the study with Ar, where it was shown that
argon was trapped by vacancies to form similar complexes.11 The
(VSc-yO) complexes play here the role of scattering centers for the
charge carriers.35 Experimentally, the mobility is highly decreased
even after annealing of the point-like defects [Fig. 5(b)], confirming
that the complex-like defects are of the VSc-yO type. Upon post-
implantation annealing, these defects agglomerate to form nano-
cavities. In silicon, nanovoids were reported to act as scattering
centers for phonons.42 As the size of the nanovoids is increased
and their number is decreased, the effect on both phonons and
electrons was decreased. Therefore, we can expect the same thing
to happen with these complex-like defects in ScN.

The power factor PF ¼ S2/ ρ can be estimated at 600 K from
Eqs. (2) and (6) for thermoelectric applications. The reference
sample gives a value of ∼2 × 10−3Wm−1 K−2, a relatively high
value for this level of doping. The O-implanted ScN at 773 K
shows a slightly lower value of about 1.2 × 10−3Wm−1 K−2. This
decrease should be largely balanced by the reduction in thermal
conductivity. The concentration of complex-like defects remaining
in the sample is rather large compared to that reported by the
noble gas implantation (Ar > 3–4 dpa) as suggested by the ratio for
resistivity ΔρO9 dpa/ρref � 2 ΔρAr.4 dpa/ρref . Hence, this significant

increase in resistivity observed for oxygen implantation is attributed
to a higher combined effect of complex-like defects, which results
in both a higher trapping effect and carrier mobility scattering
[Fig. 5(b)]. Consequently, their high concentration suggests a
strong decrease in lattice thermal conductivity. It should be noted
that all studies on ScN implantation report a reduction in thermal

conductivity.10,11,24 Hence, our study of oxygen implantation opens
up new possibilities. It is conceivable that by implanting samples
with lower dopant concentrations (ON), we can influence carrier
concentration through the recovery of point-like defects (such as
Oi), while simultaneously maintaining complex-type oxygen related
defects (VSc-yO) that impact thermal conductivity. Experiments
still need to be conducted to optimize the conditions under which
these defects are produced.

IV. CONCLUSION

Oxygen implantation was carried out in degenerate ScN thin
films to induce doping and introduce defects in order to modify
their electrical properties. Studies of the electrical properties demon-
strate that the introduction of oxygen ions creates two distinct types
of defects, each with unique properties. Point-like defects change the
conduction mechanism to hopping by creating localized states close
to the Fermi level. Mott temperature analysis shows that oxygen
implantation is more effective in creating these point-like defects
than noble gases, indicating that both ballistic and chemical effects
are at play, particularly involving the nonequilibrium interstitial state
of dopants. The thermodynamic recovery of such defects, which
begins at 400 K and completes at 750 K, confirms the presence of
two types of point defects. More stable complex defects of the
(VSc-yO) type, in line with Density Functional Theory (DFT) calcu-
lations,35 acting as acceptors, increase resistivity and positively
enhance the behavior of the Seebeck coefficient. They do not change
the conduction mode of ScN and are progressively recombined at
higher temperatures. These defects significantly impact electron scat-
tering, reducing their mobility as well as increasing the Seebeck coef-
ficient. These findings open the door to promising fine tuning of the
transport properties and, thus, of new technological applications in
thermoelectric materials.
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