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ABSTRACT: Scandium nitride (ScN) is an emerging rocksalt indirect bandgap
semiconductor with the potential to overcome some of the limitations of traditional
wurtzite III (A)-nitride semiconductors in next-generation optoelectronic and
thermoelectric applications. Epitaxial ScN thin films contain point defects such as
oxygen impurities that result in a high carrier concentration and help achieve a high
thermoelectric power factor. However, due to its high thermal conductivity, the
thermoelectric figure-of-merit (zT) of ScN is relatively low. Recent theoretical
calculations have suggested that scandium and nitrogen vacancies in ScN introduce
asymmetric states close to the Fermi energy, increasing its Seebeck coefficient. Increased
phonon scattering by these native defects should also reduce thermal conductivity to
help achieve higher zT. However, incorporating such native defects in as-deposited ScN
is challenging due to their high formation energies. In this work, we introduce native defects in molecular beam epitaxy (MBE)-
deposited ScN thin films by lithium-ion irradiation and study the impact of such native defects on ScN’s thermoelectric properties.
Consistent with theoretical calculations, we find that the Seebeck coefficient in irradiated ScN thin films increases significantly.
Thermal conductivity decreases by more than half to 7 ± 1 W/(m·K) at room temperature due to phonon scattering by the
irradiation-induced defects. Despite a reduced electrical conductivity due to scattering from defects, irradiated ScN thin films exhibit
a high power factor ∼(1−2) × 10−3 W/(m·K2) in the 300−950 K range and show a modest increase in the overall zT. This work
highlights the multifunctionality of irradiation-induced defects in engineering thermoelectric properties of transition metal nitride
semiconductors.
KEYWORDS: thermoelectricity, defect engineering, III-nitride semiconductors, scandium nitride, ion irradiation,
irradiation-induced defects, molecular beam epitaxy

1. INTRODUCTION

Traditional group-III nitride semiconductors such as GaN,
AlN, InN, and their solid-solution alloys have revolutionized
modern optoelectronic and power-electronic device technolo-
gies for over two decades.1,2 High-quantum yield for light
emission, tunable and large band gap, and high breakdown
voltage make wurtzite nitride semiconductors attractive for
applications in solid-state lighting, optical communication,
photodetectors, sensors, and many other fields.3−5 However,
for several emerging applications such as thermoelectrics,
plasmonics, and brain-inspired artificial synapses, group-III (A)
nitride semiconductors are not well suited. For example,
achieving a high thermoelectric figure-of-merit (zT) for waste-
heat recovery and cooling requires materials to exhibit ultralow
thermal conductivity, which wurtzite nitride semiconductors
do not show.6−8 Similarly, the achievement of high-quality
plasmon resonance requires high carrier concentration (>1020

cm−3) and high mobility that is not always possible to achieve
with traditional nitride semiconductors.9 Scandium nitride
(ScN), a group-III (B) transition metal nitride (TMN), can
overcome most of the limitations of group-III (A) nitride

semiconductors for a variety of applications.10,11 ScN exhibits a
rocksalt crystal structure with octahedral bonding coordination
and, like most other TMNs, shows a high melting temperature
(2600 °C), corrosion resistance, high hardness, and structural
and morphological stability at ambient conditions.12−14

Absorption studies have shown that marking a departure
from the direct bandgap group-III (A) nitrides, ScN exhibits an
indirect Γ−X band gap of ∼0.9 eV and a direct Γ−Γ band gap
of 2.2 eV.15−17 Such a crystal structure, bonding coordination,
and electronic properties make ScN attractive for several
emerging applications.
Since ScN(111) is lattice-matched with GaN(0001), ScN

interlayers have been extensively researched to reduce
dislocation densities in GaN epilayers.18,19 As metallic TMNs

Received: February 14, 2022
Accepted: May 9, 2022

Articlewww.acsaem.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsaem.2c00485
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

JA
W

A
H

A
R

L
A

L
 N

E
H

R
U

 C
T

R
 o

n 
M

ay
 2

1,
 2

02
2 

at
 0

5:
56

:2
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dheemahi+Rao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ongira+Chowdhury"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashalatha+Indiradevi+Kamalasanan+Pillai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gopal+K.+Pradhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satyaprakash+Sahoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satyaprakash+Sahoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+Patrick+Feser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magnus+Garbrecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bivas+Saha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.2c00485&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00485?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00485?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00485?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00485?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00485?fig=abs1&ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf


(such as TiN, ZrN, HfN) exhibit the same rocksalt crystal
structure and similar lattice parameters as ScN, epitaxial
(Zr,Hf)N/ScN metal/semiconductor superlattices are devel-
oped for thermionic emission applications.20−24 Wurtzite
Al1−xScxN exhibits a high c-axis piezoelectric coefficient and
is actively researched for engineering bulk and surface acoustic
devices.25 However, due to its promising thermoelectric
properties, ScN is much desired in recent times. The ScN
thin films exhibit a high thermoelectric power factor of (2−
3.5) × 10−3 W/(m·K2) in the 600−840 K temperature range
that is higher than the power factor of most well-established
thermoelectric materials such as Bi2Te3, Bi2Se3, and PbTe.

26−32

Such a high power factor in ScN arises from its high electron
concentration in the (1−5) × 1020 cm−3 range due to the
presence of unwanted impurities such as oxygen and possible
nitrogen vacancies.33−35 Molecular beam epitaxy (MBE) and
sputter-deposited ScN films also exhibit moderately large
mobility in the 90−120 cm2/(V·s) range.26,36 However, the
highest mobility of 284 cm2/(V·s) is reported in hybrid vapor
phase epitaxy (HVPE)-deposited ScN films.37 Mg−hole
doping has been used recently to reduce the carrier
concentration in ScN, and p-type ScN films with a large
Seebeck coefficient are demonstrated.38,39 X-ray absorption
spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS),
and ultraviolet photoemission spectroscopy (UPS) measure-
ments have shown that both the unwanted n-type oxygen
impurity and p-type Mg−hole doping do not introduce defect
states inside the band gap, and the rigid band electronic
structure remains unchanged with respect to the dopant
introduction.40,41

Despite the large power factor, the overall zT of ScN is
relatively low at 0.17−0.30 in the 500−840 K temperature
range due to its high thermal conductivity of ∼12−14 W/(m·
K) at room temperature and 8.34 W/(m·K) at 800 K.23,25,38

Efforts to reduce the thermal conductivity with solid-state
alloying of ScN with other heavy metals such as niobium (Nb)
and chromium (Cr) have been made. Thermal conductivity
decreases to as low as 2.2 and 2.3 W/(m·K) at room
temperature for Sc1−xNbxN and Sc1−xCrxN, respectively, due
to the phonon scattering alloys.42,43 Similarly, Mg implantation
in ScN(111) reduced the thermal conductivity to 3.2 W/(m·
K) at room temperature.44 However, the decrease in thermal
conductivity is also accompanied by a reduction in the power
factor that leaves the overall zT practically unchanged.
Therefore, techniques with which thermal conductivity can
be reduced without altering the power factor will be helpful for
ScN’s thermoelectric applications.
Recent theoretical calculations have shown that introducing

native defects such as Sc and N vacancies in ScN should
introduce asymmetric peaks close to the Fermi level in the
electronic densities of states (DOS).45 Since asymmetric peaks
close to the Fermi level in DOS are proposed to increase the
Seebeck coefficient and power factor, defect engineering of
ScN could provide ways to improve its thermoelectric
properties.46 The presence of native defects should also scatter
short-to-mid wavelength phonon modes, thereby reducing its
thermal conductivity, which is necessary for achieving high zT.
However, incorporating such native defects (except for
nitrogen vacancies) in ScN is challenging as they are
thermodynamically not stable and possess very high formation
energies. For example, first-principles modeling has shown that
the formation energy of a Sc vacancy in ScN is 4 eV when the
Fermi level is at the conduction band minimum.47,48 At the

same time, Sc interstitials and Sc in N sites have about 5 eV
formation energies.48 Due to such high formation energies, as-
deposited ScN films in MBE or magnetron-sputtering methods
with high substrate temperature generally do not contain many
native defects.
However, point defects can be incorporated in thin films by

irradiation-induced damage, as recently demonstrated for a
Bi2Te3 film with He-ion irradiation.49 High-energy-irradiated
ions displace atoms from their equilibrium lattice positions and
create point defects like vacancies, interstitials, and many types
of defect complexes. With this motivation, in this article, we
irradiate MBE-deposited nominally single-crystalline ScN thin
films with Li ions and study their thermoelectric properties.
Our results show that consistent with the theoretical
prediction,45 the irradiation-induced defects in ScN increase
the Seebeck coefficient appreciably and, at the same time,
decrease the thermal conductivity drastically. However, an
increase in the Seebeck coefficient is also accompanied by a
decrease in electrical conductivity. The thermoelectric power
factor of the irradiated films remains high at ∼(1−2) × 10−3

W/(m·K2) in the 300−950 K range. Further, on annealing the
irradiated films, the structural and optical properties are
recovered, while the thermoelectric properties are preserved.

2. METHODS
ScN thin films are deposited on MgO(001) substrates using plasma-
assisted molecular beam epitaxy (PAMBE). Five single-side polished 1
cm × 1 cm substrates are ultrasonicated in acetone and methanol for
10 min each before loading into the load lock chamber. The
substrates are heated at 600 °C for 60 min in a preparation chamber
to eliminate the adsorbed impurities. Subsequently, the substrates are
transferred into a growth chamber with a base pressure of 5 × 10−11

Torr. A scandium K-cell is heated to 1295 °C to obtain a beam
equivalent pressure (BEP) of 1 × 10−7 Torr. An RF power source
with 375 W is used to generate the nitrogen plasma, and the nitrogen
flow is set to 1.5 sccm. Substrates are held at 650 °C during all
depositions. The films are deposited for 150 min with a growth rate of
2.5 nm/min.

Four of the pristine (intentionally-undoped) ScN films are
irradiated with Li ions of 35 keV in a vacuum. The Li-ion beam is
incident normally on ScN films at room temperature with a dose of 5
× 1013, 1 × 1014, 5 × 1014, and 1 × 1015 ions/cm2. A pristine ScN thin
film without any Li irradiation is used as a reference to study the role
of irradiation-induced defects.

The Stopping and Range of Ions in Matter (SRIM) program is
used to simulate the Li-atom penetration depth and the irradiation-
induced damages in the ScN films.50 The structural changes induced
by irradiation are analyzed using high-resolution X-ray diffraction
(HRXRD). Cross-sectional high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images and
energy-dispersive X-ray spectroscopy (EDS) mapping are recorded
with a monochromated and image- and probe-corrected FEI Themis-
Z transmission electron microscope at 300 kV. EDS maps are
recorded with count rates of well above 1 million per map, and
background correction is performed by k-factor methods and
absorption correction. The room temperature Hall measurements
are performed with an Ecopia HMS-3000 machine. Linseis LSR-3 is
used to measure the thermoelectric properties (Seebeck coefficient,
electrical resistivity, and power factor) as a function of temperature in
the 400−1000 K range. Optical bandgap changes are studied with the
transmittance and the reflectance spectrum obtained from a Perkin-
Elmer lambda 750 spectrometer. Finally, temperature-dependent
thermal conductivity is measured with a time-domain thermore-
flectance (TDTR) method. More details about the growth,
irradiation, and characterization techniques are presented in the
Supporting Information (SI).
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3. RESULTS AND DISCUSSION

3.1. Structural and Optical Characterization. SRIM
simulation (see Figure 1) shows that irradiated Li ions in ScN
form a Gaussian pattern with the highest concentration at its
peak. The depth of this peak from the surface, termed the
projected range, depends on the energy of the irradiated ion
beam. For the 35 keV Li beam incident normally to the ScN
film, the projected range is calculated to be 150 nm. Beyond
150 nm, the Li concentration tapers off till around 300 nm. So,
for the 375 nm thick film studied here, the irradiating ions do
not reach the substrate. Figure 1a shows the simulated Li-ion
distribution in the ScN film for different irradiation dosages.
With increasing irradiation flux, the density of Li atoms at a
particular depth increases. The irradiated ions will displace the
target atoms, creating vacancies or replacements. Simulation
reveals that 96% of the Li will create vacancies in ScN, while
only 4% will replace the target atoms. The primary collision of
Li ions will create vacancies either by moving the target atoms
to interstitial sites or by completely knocking out the atoms
from the target. The density of vacancies generated by primary
knocks of Li irradiation with 1 × 1015 ions/cm2 is presented in
Figure 1b. The displaced target atoms with sufficient energy
will cause secondary collisions and create more vacancies.
Figure 1b also shows the total Sc and N vacancies caused by
primary and secondary collisions. However, as SRIM
calculations are performed at 0 K, it does not consider the
annealing of vacancies at room temperature. Therefore,
assuming that 99% of the created vacancies will instantly get
annealed at the implantation temperature, total vacancies in
ScN are calculated to be 0.12 atom % for the flux of 1 × 1015

ions/cm2. Therefore, this analysis highlights that a significant
number of defects are formed in ScN by Li irradiation.
The lattice defects created by ion irradiation are unveiled in

the high-resolution X-ray diffraction (HRXRD) (see Figure
1c) analysis. As observed previously, MBE-deposited ScN on a
MgO substrate grows epitaxially with (002) orientations with
the prominent 002 peak located at a 39.9° 2θ-value. This peak
corresponds to a lattice parameter of 4.50 Å that is consistent
with previous reports. Due to the smaller lattice constant of

4.21 Å, the MgO peak appears at a 42.9° 2θ-value. This lattice
mismatch will cause a compressive strain of about 6% in the
initial few layers of ScN. However, the strain will be gradually
relaxed by generating dislocations along the growth direction.
For a low irradiation dosage, the ScN peak broadens,
indicating the strain developed due to implantation. As the
dosage increases to 1 × 1014 ions/cm2 and above, this
broadening shows up as a separate shoulder peak shifting to
lower 2θ-values and well separating from the 002 ScN peak.
This shoulder peak indicates lattice expansion due to the
displaced atoms, which mainly leave behind vacancies. The
possibility of secondary phase formation by Li irradiation can
be excluded as the extra peak is not located at a particular 2θ
across the samples, and its intensity does not increase as the Li
dosage is increased.
Contrary to the full-width at half-maximum (FWHM) of the

rocking curve (ω-scan) corresponding to the 002 peaks of
0.52° for pristine ScN, films irradiated with the highest
irradiation dosage of 1 × 1015 ions/cm2 exhibit an FWHM
value of 0.68° that highlight the degradation of structural
quality. A similar shoulder peak is also observed in the 002
MgO diffraction spot revealing the damage caused to the
substrate by the irradiation. In SRIM simulation, Li ions do not
reach the substrate. Therefore, damage to the substrate in the
experiment might result from channeling of normal incident Li
ions along ScN [002]. Even here, the shoulder peak shifts to
lower 2θ at higher irradiation dosages, implying lattice
expansion due to significant damage. As discussed in the SI,
the 002 peak of ScN in all irradiated films is slightly shifted to
higher 2θ values with respect to the pristine ScN due to a small
amount of impurity.
The visual changes in the ScN thin film due to the

irradiation are shown in Figure 1d. The samples appear darker
at higher irradiation dosages, as the reflectivity is reduced by
the irradiation-induced damages. The absorption coefficient
(α) is calculated from the transmittance (T) and reflectance
(R) data using eq 1, where t is the film thickness. Tauc’s plot
shows bandgap reduction and band edge smearing in the
irradiated films. The Urbach energy (Eu) calculated with eq 2
is higher for irradiated films than the pristine ScN, reflecting

Figure 1. (a) SRIM simulated curves for Li distribution in ScN for different irradiation dosages at 35 keV, (b) simulated concentration of vacancies
in ScN created by irradiating 1 × 1015 ions/cm2 at 35 keV, and (c) offset-separated 2θ-ω scans for ScN(002) deposited on the MgO(001) substrate
irradiated with different dosages. The shoulder peaks at lower 2θ become prominent at a higher dosage. (d) Optical images of ScN films showing
the visual changes upon irradiation at different dosages, as indicated by the scale on the left.
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the tailing of states at the band edge. A representative Tauc’s
plot and Urbach energy calculation for ScN irradiated with a
flux of 1 × 1015 ions/cm2 is presented in Figure 5b. The band
gap of pristine ScN is 2.2 eV, and it reduces to 2 eV upon
irradiation. The Urbach energy increases to 500 meV from 100
meV after irradiation. Hence, the defect formation is evident
from optical properties as well.

α = [ − ]
t

R
T

1
ln

(1 )
(1)

α α ν= +
i
k
jjjjj

y
{
zzzzzE

hln ln
1

o
u (2)

The MBE-deposited ScN thin films remain crystalline,
smooth, and compact even after the irradiation with a 1 × 1015

ions/cm2 dosage, as observed in HAADF-STEM images
(Figure 2). A few voids are observed in the low-magnification
image (Figure 2a) that originate from the lack of adatom

mobility during growth and the resultant Ehrlich−Schwoebel
barrier, as was discussed in detail previously for ScN films.51,52

STEM-EDS mapping reveals the uniform distribution of
scandium and nitrogen atoms throughout the film and
unintentional oxygen incorporation mostly in the voids (Figure
2b−d). Voids are also depleted of scandium and nitrogen
atoms. High-resolution images (see Figure 2e) show the
compact ScN film, and visible MgO substrate damage (marked
by the box) caused due to the channeling of the irradiated ions.
This agrees with the shoulder appearing in the 002 MgO peak
in HRXRD. The selective area electron diffraction (SAED)
pattern in the inset demonstrates the cubic epitaxial growth of
the film on the substrate. The atomic-resolution cross-sectional
image (Figure 2f) exhibits the cube-on-cube epitaxial growth of
ScN on MgO with an epitaxial relationship of (001)[001] ScN
|| (001)[001] MgO. Microscopy imaging revealed that the
irradiation-induced damages do not drastically degrade the
crystallinity of ScN films.

Figure 2. (a) Cross-sectional HAADF-STEM image of the irradiated ScN film deposited on the MgO(001) substrate depicting the compact
crystalline film with dislocation and a few diagonal voids separating grains of same orientation (marked with the dashed lines). (b), (c), and (d)
show the oxygen (O), scandium (Sc), and nitrogen (N) EDS maps, respectively. Scandium and nitrogen are uniformly distributed in the film, while
oxygen is clustered at the void. (e) STEM image of the ScN/MgO interface revealing the damage caused to the substrate (area enclosed within the
box) due to channeling of the irradiation ions. The selective area electron diffraction (SAED) pattern in the inset shows that ScN deposited on
MgO is cubic and single crystalline. (f) High-resolution image of the sharp ScN/MgO interface with cube-on-cube epitaxy.

Table 1. Room-temperature electron concentration (n), mobility (μ), and resistivity (ρ) of as-deposited ScN thin films (before
irradiation) and after irradiation at different dosages.

before irradiation after irradiation

sample n (cm−3) μ (cm2/(V·s)) ρ (Ω cm) n (cm−3) μ (cm2/(V·s)) ρ (Ω cm)

0 2.3 × 1020 60 4.6 × 10−4

5 × 1013 1.99 × 1020 43 7.3 × 10−4 1.7 × 1020 40 8.8 × 10−4

1 × 1014 1.85 × 1020 50 6.8 × 10−4 1.7 × 1020 42 8.8 × 10−4

5 × 1014 1.87 × 1020 48 7.0 × 10−4 1.4 × 1020 42 1 × 10−3

1 × 1015 1.99 × 1020 40 7.7 × 10−4 1.3 × 1020 41 1.2 × 10−3
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3.2. Electronic and Thermoelectric Characterization.
Hall measurement shows that the room-temperature carrier
concentration, mobility, and resistivity of the as-deposited ScN
film are about 2 × 1020 cm−3, 45 cm2/(V·s), and 7 × 10−4

ohm·cm, respectively. Room-temperature electrical properties
of the individual ScN films before and after irradiation are
listed in Table 1. Since sample 0 is deposited in the first run,
and subsequently all other four films are deposited
simultaneously, there is a slight difference in their electrical
properties before irradiation. The carrier concentration
decreases slightly for higher irradiation dosages and the
resistivity increases, perhaps due to the increased scattering.
However, it is clear from the table that Li itself, by and large, is
electronically inactive in ScN and instead acts as a high-energy
source for structural defect formation. The electrical
conductivity of the pristine and irradiated films decreases at
higher temperatures (see Figure 3a), indicating degenerate-
semiconducting behavior due to the high electron concen-
tration. The irradiated films show a lower conductivity than the
pristine ScN throughout the measured temperature range.
Such temperature deactivation of electrical conductivity is
reminiscent of degenerate semiconducting or semimetallic
electronic nature of ScN since Fermi energy resides ∼0.1−0.2
eV inside the conduction band edge in ScN.39 It is important
to note that though the irradiation softens such a deactivation
process, irradiated ScN still exhibits degenerate semiconductor
behavior. Compared to the pristine film, irradiated ScN with
the maximum dosage of 1 × 1015 ions/cm2 shows an electrical
conductivity decrease by around 62% at room temperature and
40% at 980 K. On the other hand, the absolute value of the
Seebeck coefficient of irradiated ScN films is higher than the
Seebeck coefficient of pristine ScN and increases with an
increase in temperature (see Figure 3b). A maximum Seebeck
coefficient of −208 μV/K is found for the ScN film irradiated
with a 5 × 1014 ions/cm2 dosage that is ∼12% higher than the
Seebeck coefficient of pristine ScN at 980 K. Since the defect
concentration is small, the effective mass of carriers is expected
to remain unchanged. Hence, the increase in the Seebeck
coefficient is primarily due to the appearance of asymmetric
peaks in the DOS close to the Fermi energy, as suggested by
previous calculations.45 However, as the carrier concentration
of the films reduces slightly due to the irradiation, the increase
in the Seebeck coefficient might also have a small contribution
from the carrier density reduction.
Despite the high Seebeck coefficients, the overall thermo-

electric power factor of all irradiated ScN is smaller than that of
the pristine ScN (see Figure 3c). However, all irradiated films
exhibit a power factor in the range of (1−2) × 10−3 W/(m·K2)

within a 300−1000 K temperature range that in itself is a
significantly high value. ScN irradiated with a dosage of 1 ×
1014 ions/cm2 exhibits the maximum power factor of ∼2 ×
10−3 W/(m·K2) within the 600−950 K temperature range,
which is slightly smaller than 2.3 × 10−3 W/(m·K2) for pristine
ScN in the same temperature range.
Temperature-dependent thermal conductivity of pristine

ScN and films irradiated with a dosage of 1 × 1014 and 1 × 1015

ions/cm2 is measured with a TDTR technique. As the
electronic contribution to the thermal conductivity (κelectron)
is rather small (see inset of Figure 4), the total thermal

conductivity (Figure 4) is dominated by the lattice (κlattice)
contribution that was extracted using the Wiedemann−Franz
law. Results show that consistent with the previous reports, the
ScN thin film exhibit a high thermal conductivity of ∼14.5 W/
(m·K) at room temperature. However, with the irradiation,
thermal conductivity decreased drastically to 10 ± 1.3 and 7 ±
1 W/(m·K) at room temperature for the irradiation dosage of
1 × 1014 and 1 × 1015 ions/cm2, respectively. Therefore,
thermal conductivity is reduced to half of the pristine ScN’s
value for the film irradiated with the highest irradiation dosage.
Such a decrease in thermal conductivity results from the
scattering of phonons from the point defects. As κlattice is three
orders of magnitude larger than κelectron, it is evident that
reduction in thermal conductivity is dominated by phonon
scattering by the irradiation-induced defects. Fitting of the
temperature-dependent κlattice with the Umklapp scattering
model (κ = AT−α, where κ, A, T, and α are thermal

Figure 3. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor of the pristine and irradiated ScN thin
film are presented. Irradiation enhances the Seebeck coefficient to −208 μV/K at 980 K. In spite of the reduction in electrical conductivity, the
power factor of irradiated ScN exhibit high values in the range of (1−2) × 10−3 W/(m·K2) within the measured temperature range.

Figure 4. Temperature-dependent thermal conductivity of the
pristine and irradiated ScN thin film with two dosages are presented.
Irradiation with 1 × 1015 ions/cm2 reduces the thermal conductivity
by half to 7 ± 1 W/(m·K) at room temperature. The electronic
contribution (κelectron) to the thermal conductivity is very small at all
temperatures as presented in the inset. (dashed lines are guide to the
eye).
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conductivity, a constant, absolute temperature, and Umklapp
scattering exponent, respectively) shows an Umklapp scatter-
ing exponent of 0.33, 0.31, and 0.2 for the pristine ScN film
and ScN films irradiated with a 1 × 1014 and 1 × 1015 ions/cm2

dosage, respectively (see SI). Such smaller values of α are a
clear sign of the presence of defects.53,54 With the knowledge
of the temperature-dependent power factor and thermal
conductivity, the zT for pristine ScN and ScN irradiated
with 1 × 1014 ions/cm2 is calculated to be 0.17 and 0.19 at 700
K (see SI). The slight increase in zT of the irradiated samples
with respect to the pristine ScN is within the error bars. The
reduction in the thermal conductivity and increase in the
Seebeck coefficient in the irradiated ScN films are offset by the
reduction in electrical conductivity.
3.3. Annealing of Defects at High Temperature. All

irradiated ScN films are heated to 700 °C for 2 min to
determine if the irradiation-induced defects in ScN can be
annealed at high temperatures. Surface colors of all irradiated
ScN films return to pristine ScN’s color after the annealing
process (see Figure 5a) due to the increased reflection from

the surface. Optical absorption measurement shows that the
absorption threshold, band gap, and Urbach energy of the
irradiated and annealed film become the same as that of the
pristine ScN (see Figure 5b). HRXRD also clearly indicates
that the extra shoulder 002 peaks at lower 2θ-values disappear
after the annealing. The reappearance of the well-defined ScN
002 peak demonstrates the lattice relaxation. Improvement in
the crystalline quality can also be observed by a slight decrease
in the FWHM of the rocking curve corresponding to the 002
peaks (see Figure 5c) for ScN irradiated with 1 × 1014 ions/
cm2. The Seebeck coefficient and electrical conductivity of

irradiated ScN films are preserved after annealing (see SI for
details).

4. CONCLUSIONS
In conclusion, we show that consistent with the theoretical
predictions, irradiation-induced defects in ScN thin films
increase the Seebeck coefficient and reduce thermal con-
ductivity. Li ions of 35 keV are irradiated on MBE-deposited
ScN thin films to create point defects, and HRXRD is used to
study them. The defects in ScN expand the lattice and result in
a shoulder peak (with broadening) adjacent to the 002
diffraction peak. STEM imaging revealed that even with an
irradiation dosage of 1 × 1015 ions/cm2, ScN maintains its
epitaxy and compact crystal structure. The predicted
appearance of asymmetric densities of states close to the
Fermi energy increases the Seebeck coefficient by more than
12% at all temperatures. Phonon scattering from the
irradiation-induced defects also drastically reduces the thermal
conduction of ScN by a half. Even with a reduced electrical
conductivity, irradiated films exhibit a high power factor in the
range of (1−2) × 10−3 W/(m·K2) within the 300−700 K
temperature range. Further, when the irradiated films are
annealed, the optical properties are recovered, while the
electrical conductivity and the Seebeck coefficient are
preserved. Our results show the multifunctionality of
irradiation-induced defects for engineering the thermoelectric
properties of ScN, which might be applicable to similar
material systems.
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