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Engineering Electrical Transport by Implantation-Induced
Defects in CrN Films Without Affecting Thermal
Conductivity

Hugo Bouteiller,* Charlotte Poterie, Razvan Burcea, Danièle Fournier, Younès Ezzahri,
Sylvain Dubois, Per Eklund, Arnaud le Febvrier,* and Jean-François Barbot*

The transport properties of CrN thin films deposited on sapphire have been
tailored through structural modifications induced by cumulative argon
implantation. As-grown samples experience the typical structural transition in
CrN films from orthorhombic at low temperature to cubic above the Néel
temperature (≈280 K) and exhibit a metallic-like conduction in both phases.
With increasing implantation dose, the conduction mode shifts to a
semiconductor-like behavior in both phases, albeit at different damage levels.
Analysis of the results suggests that hopping conduction becomes dominant
beyond a given damage threshold. The results highlight a promising
correlation between defect engineering and conduction mechanisms, offering
valuable insights into the versatile electrical properties of CrN films. These
implantation-induced defects scatter carriers, leading to a decrease in their
mobility. As the implantation dose increases, the defect landscape evolves,
modifying the density of states. However, up to a dose of 0.050 dpa, no
significant influence on phonon scattering is observed. This approach
demonstrates that ion implantation enables precise tuning of CrN’s electrical
properties without affecting thermal conductivity, offering valuable insights
into defect engineering in transition metal nitrides and underscoring its
potential for transport properties decorrelation.
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1. Introduction

Transition metal nitrides (TMNs) have
garnered significant attention for their
diverse functional properties,[1–5] making
them indispensable in a wide array of
applications ranging from mechanical
coatings[6–8] and electronic devices[9–11]

to thermoelectric energy conversion
systems.[12–14] Among these, chromium
nitride (CrN) stands out due to its
remarkable combination of mechan-
ical and functional properties, such
as excellent hardness,[15–17] oxidation
resistance,[18,19] antiferromagnetism[20,21]

and thermal stability.[22] Additionally,
CrN’s semiconducting behavior, charac-
terized by a small bandgap of ≈0.2–0.7
eV,[23,24] makes it an attractive candi-
date for electronic and thermoelectric
applications.[25–32] The material ex-
hibits a magnetic and structural phase
transition near 280 K: below this tem-
perature, CrN adopts an orthorhombic

R. Burcea
Université Paris-Saclay
CentraleSupélec
SPMS
Gif-sur-Yvette 91190, France
D. Fournier
Institut des NanoSciences de Paris
Sorbonne Université
UFR 925, UMR 7588, Paris F-75005, France
P. Eklund, A. le Febvrier
Department of Physics, Chemistry and Biology (IFM)
Linköping University
Linköping SE-581 83, Sweden
E-mail: arnaud.lefebvrier@kemi.uu.se
P. Eklund, A. le Febvrier
InorganicChemistry
Department of Chemistry–Ångström
UppsalaUniversity
Box 538,Uppsala SE-751 21, Sweden

Adv. Mater. Interfaces 2025, 12, e00436 © 2025 Oak Ridge National Laboratory and The Author(s). Advanced
Materials Interfaces published by Wiley-VCH GmbH

e00436 (1 of 12)

http://www.advmatinterfaces.de
mailto:bouteillerh@ornl.gov
mailto:jean.francois.barbot@univ-poitiers.fr
https://doi.org/10.1002/admi.202500436
http://creativecommons.org/licenses/by/4.0/
mailto:arnaud.lefebvrier@kemi.uu.se
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202500436&domain=pdf&date_stamp=2025-09-08


www.advancedsciencenews.com www.advmatinterfaces.de

crystal structure (space group Pnma) with antiferromagnetic or-
dering, while above 280 K, it transitions to a cubic structure
(space group Fm3̄m) with paramagnetic behavior.[20,24,33–36] These
unique features have spurred interest in exploring CrN for mul-
tifunctional applications. However, the electrical transport prop-
erties of CrN thin films are highly sensitive to growth conditions
and to growth-induced defects. As a result, the temperature de-
pendence of resistivity 𝜌(T) can exhibit either metallic-like (d𝜌/dT
> 0) or semiconductor-like (d𝜌/dT < 0) behavior in both phases,
although only the cubic phase is observed in some studies.[35,37–43]

Furthermore, post-growth annealing can reverse this trend, un-
derscoring the significant role of growth defects in controlling
electrical properties.[25] Among these defects, nitrogen vacancies
(VN) play a crucial role in electron transport due to their lowest
formation energy.[44] Therefore, the modulation of the N2-flow
during the film growth was found to strongly influence their elec-
tronic properties.[28,40,45] In the case of CrN films deposited on
MgO substrates, where no structural transition is observed, the
electrical transport properties of the cubic phase were investi-
gated and a critical nitrogen vacancy concentration of≈1020 cm−3

was identified as the threshold for the Mott insulator-to-metal
transition at room temperature.[46]

Ion implantation is a useful technique for defect engineering
in materials. Unlike chemical doping, which influences the car-
rier concentration and the electronic transport properties, ion
implantation allows for the introduction of nonelectrically active
species, such as noble gases, to selectivelymodify themicrostruc-
ture. Previous studies on ScN films have demonstrated that gas
implantation can introduce various types of defects, leading to a
reduction in thermal conductivity, an enhancement of the See-
beck coefficient, modifications in electrical resistivity, and even
a shift in the conduction mode from metallic to semiconducting
via hopping.[42,47–49] These findings highlight ion implantation as
a powerful tool for tailoring electrical properties for various ap-
plications, particularly in optimizing the thermoelectric perfor-
mance of TMNs.[50] A few studies reported the influence of ion
implantation to enhance the mechanical and chemical proper-
ties of CrN films.[51–53] However, limited efforts have been con-
ducted to study the effects of ion implantation on the transport
properties of CrN films. CrN is known to exhibit an appreciable
power factor (S2/𝜌) at room temperature (0.5−5 mW m−1 K−2),
but present amoderate thermal conductivity (≈4Wm−1 K−1) lim-
iting its thermoelectric performance compared to state-of-the-art
materials like Bi2Te3.

[25,29,51,52]

This study addresses this gap by systematically investigating
the cumulative implantation of low fluence argon ions in high-
quality CrN thin films. Using a multi-energy implantation ap-
proach, a controlled level of damagewas introduced into the films
to study the correlation between defect formation and transport
properties. Transmission electron microscopy (TEM) was em-
ployed to characterize implantation-induced defects, while X-ray
diffraction (XRD) analysis captured changes in lattice parameters
and crystallinity. Electrical resistivity, Seebeck coefficient, and
thermal conductivity measurements were performed to evaluate
the impact of argon implantation on the transport performance
of the films. By exploring the interplay between implantation-
induced defects and transport properties, we seek to advance
the understanding of defect engineering in CrN thin films. No-
tably, we demonstrate that in a relatively low damage regime, ion

implantation can be used to tune the electrical properties and
shift the conductionmode without altering the thermal transport
properties. From a fundamental perspective, this approach also
sheds light on the pronounced variability in resistivity values and
temperature dependence commonly observed in as-grown CrN
thin films, as the controlled introduction of defects successfully
reproduces the full spectrum of reported resistivity behaviors.

2. Results

2.1. Structural Modifications

The nonimplanted CrN films were first characterized by X-
ray diffraction (see Supporting Information). The measured
unit cell parameter a was found to be in the range (4.149–
4.153 Å), which is in good agreement with reported values in the
literature.[20,28,35,36,46,53–55] Then, a reference CrN film with a cell
parameter of a = 4.152(1) Å was cumulatively implanted with Ar
ions. Figure 1 shows the X-ray diffraction patterns of the sam-
ple implanted at 0.005, 0.025, and 0.050 dpa. After implantation,
the 111 reflection from CrN (Figure 1a) is shifted toward the low
angles, revealing a 0.36% increase in the cell parameter from
4.152(1) to 4.167(2) Å (Figure 1b). Similar observations are re-
ported in the literature, in particular for the Ar ion implantation
in ScN.[47] It can be noted that the increase in the cell parame-
ter is not proportional to the increase in the damage level, as the
increase between 0.025 and 0.050 dpa is about half of that occur-
ring between 0.025 dpa and the reference film. Contrary to previ-
ously reported observation of argon-implanted ScN films where
the Full Width at Half Maximum (FWHM, Δ2𝜃) increased by a
factor of more than 3 after implantation,[47] the FWHM of the
111 CrN reflection remains the same regardless of the dpa level
(Figure 1b). This result shows that there are no local strain het-
erogeneities forming in the case of CrN. The resulting damage
in the film and the generated implantation-induced defects are
thus expected to be mitigated compared to the ScN case, which
is somewhat more resilient to irradiation than CrN.
The microstructural characteristics of CrN films before and

after argon implantation were investigated using transmission
electron microscopy (TEM), as shown in Figure 2. The reference
(as-deposited) film exhibits a columnar growth morphology with
pyramidal grain structures, as seen in the bright-field (BF) TEM
image in Figure 2a. The grain width ranges from≈200 to 400 nm.
The Selected Area ElectronDiffraction pattern (inset of Figure 2a)
confirms the crystalline nature of the film with a preferential
(111) orientation and reveals additional diffraction spots associ-
ated with growth variants, which are commonly observed in epi-
taxial films deposited on c-cut Al2O3 substrates.

[47]

Following Ar ion implantation at a dose of 0.010 dpa, the over-
all microstructure appears largely preserved. However, the emer-
gence of nanoscale dark spot-like contrasts in the BF image sug-
gests the presence of implantation-induced defects. Such black
spot damage typically arises from collision cascades during ion
implantation and is often associated with the clustering of point
defects. The SAED pattern (inset of Figure 2b) remains essen-
tially unchanged, confirming that the crystallographic structure
of the CrN film is retained after implantation.
Both X-ray diffraction and cross-sectional TEM analyses con-

firm the progressive introduction of small-scale defects through
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Figure 1. X-ray diffraction patterns of Ar-implanted CrN films and comparison with the reference sample. a) 𝜃–2𝜃 scans of the reference and Ar-implanted
samples, b) Variation of the cell parameters of the implanted samples, and the associated Full-Width at Half Maximum (FWHM).

argon ion implantation, without significant alteration of the as-
grown structure.

2.2. Electronic Transport Properties

2.2.1. As-Grown CrN

Figure 3a shows the temperature dependences of both the resis-
tivity and Seebeck coefficient for the as-grown sample. The resis-
tivity curve shows an abrupt jump ≈280 K corresponding to the
transition between the orthorhombic and cubic forms commonly
observed for CrN.[36–38,41,43] In both cases, the resistivity increases
with temperature and can be fitted using the conventional resis-
tivity equation typically observed inmetallic-like semiconductors:

𝜌 (T) = 𝜌R + AT𝛾 + 𝜌I (dpa) (1)

where 𝜌R represents the residual resistivity, A is a material-
specific constant and 𝜌I(dpa) an additional term associated to the
implantation-related defects (for the reference sample, 𝜌I(dpa =
0) = 0). The fitted 𝛾 value is found to be 2.3 for the orthorhom-
bic phase (T < 280 K) and equals 1 in the cubic phase (T >

280 K). Further measurements up to 700 K confirm that the
linear trend of resistivity continues at higher temperatures (see
Figure S2, Supporting Information). The 𝛾 values suggest that,
in both phases, electron-phonon interactions primarily govern
the resistivity variations, as expected for degenerate semiconduc-
tors. The metallic-like behavior of 𝜌(T) curve in both phases of
the as-grown samples is rarely reported for thin films, in con-
trast to bulk CrN.[36,56,57] This behavior is attributed to high-
temperature synthesis conditions and the presence of nitrogen-
related defects, which are believed to suppress the band gap
in the cubic phase.[58] In the cubic phase, the nitrogen vacan-
cies (VN) and nitrogen interstitials (IN) act as triple and single
donors, respectively.[58] Assuming that nitrogen vacancies are the
primary defects governing carrier concentration, the measured

Figure 2. a,b) represent bright field (BF) images of the reference sample and after cumulative implantation at 0.01 dpa, respectively. Insets show the
corresponding Selected Area Electron Diffraction (SAED) patterns.
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Figure 3. a) Temperature-dependent resistivity and Seebeck coefficient of 225 nm CrN thin films, showing the orthorhombic-cubic transition in CrN
occuring at TN = 280 ± 2 K. The resistivity data of both phases are fitted using a conventional resistivity equation (Equation 1), the red continuous
curves. The Seebeck coefficient curves are fitted using the Pisarenko relation (Equation 2) to extract the DOS effective masses. b) Carrier concentration,

and c) Experimental Hall mobility (Δ) – Calculated mobility using Matthiessen rules including the acoustic phonon behavior (𝜇(T) ∝ T− 3
2 , green) and

by adding a defect contribution (𝜇D(T) = 600 cm2 V−1 s−1, blue) and then by adding the grain-boundary mobility (𝜇GT(T) ∝ exp(− EGB
kBT

) with EGB =
15 meV, red).

carrier concentration yields a rough estimation of the nitrogen
vacancies concentration of ≈1019 cm−3.
A similar phase-dependent behavior is observed in the carrier

concentration, which shows an abrupt drop at the Néel temper-
ature (Δn(280 K) ≈ 3.1019 cm−3). However, its behavior in tem-
perature differs between the two phases: in the orthorhombic
phase (antiferromagnetic), the carrier concentration decreases
with increasing temperature, whereas in the cubic phase (param-
agnetic), it increases with increasing temperature. These distinct
temperature-dependent behaviors of n(T) are highly reproducible
across different samples grown under identical conditions (see
Figure S3, Supporting Information). At all investigated tempera-
tures, the electron concentration remains above 2.1019 cm−3, con-
firming the degenerate nature of the as-grown CrN.
The Hall mobility also exhibits a marked change at the

Néel temperature and decreases with increasing temperature
across both phases (Figure 3c). The mobility curves can be fit-
ted using the Matthiessen rule, which encompasses contribu-
tions from appropriate scattering mechanisms. In the cubic

phase (T > 280 K), the Hall mobility can solely be fitted us-
ing the well-known phonon scattering contribution (𝜇(T)∝Tr − 1

with r = −1/2 the scattering factor). In contrast, in the or-
thorhombic phase (T < 280 K), mobility is governed by a
combination of phonon scattering and additional contributions
from residual defects (𝜇D(T) = 680 cm2 V−1 s−1) and grain
boundary effects (𝜇GT (T) ∝ exp(−EGB∕kBT) with EGB = 15 meV).
The inclusion of a grain boundary term significantly improves
the fitting accuracy at lower temperatures, revealing a clear
hierarchy of scattering mechanisms that progressively limit
carrier mobility. Below 100 K, however, the model becomes
less accurate, likely due to the emergence of additional low-
temperature scattering mechanisms not captured in the current
formulation.
The Seebeck (negative) coefficient follows a linear trend with

temperature in both phases, with a marked transition at TN, in
good agreement with 𝜌(T) curves. This suggests the presence
of a single dominant scattering mechanism, most likely acous-
tic phonon scattering, as further supported by the observed
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Figure 4. Resistivity curves versus temperature of a reference and Ar-implanted CrN films. a) variation in the lower damage regime (dpa < 0.010).
b) Evolution for all implanted samples with a change of the conduction mode for the higher damage regime.

hierarchy (r = −1/2). According to Equation (2), the slope of S(T)
provides the effective mass m*:

S (T) ∝ T .m∗.n−2∕3 (2)

To optimize the fitting of S(T) curves and estimating the den-
sity of state (DOS) effective mass, only the temperature intervals
where n(T) varies linearly with temperature (Figure 3b) were con-
sidered. Due to the differences in slopes between the two phases,
two distinct values of DOS effective mass were obtained: m∗

ortho
= (0.85 ± 0.03)m0 in the orthorhombic phase andm∗

cubic = (0.77
± 0.03)m0 in the cubic phase.
The “jump” of the electrical properties at TN = 280 K suggests

a fundamental change in the band structure at the transition. An
analytical expression suggested by Nilsson et al.[59] was leveraged
to estimate the position of the Fermi level of the cubic phase, the
system being neither in the nondegenerate regime (Boltzmann
approximation) nor fully in the highly degenerate limit (free elec-
tron gas). In this approximation, the reduced electron chemical
potential depends on the effective electron mass deduced from
our Seebeck curves, the carrier concentration (from Hall mea-
surements) and the temperature T (fixed at 300 K). According to
this model valid for a full range of carrier concentration (non-
degenerated and degenerated), the Fermi level position was esti-
mated to be EF(300 K)= Ec + 0.042 eV. This leads to an estimation
of the density of state at the Fermi level of D(EF)≈ 1021 cm−3 eV−1,
in agreement with reported values estimated for a similar doping
level.[46] Furthermore, the power factor PF = S2/𝜌 is found to be
close to 3 mW m−1 K−2 at RT, as reported by different studies
indicating the potential for high thermoelectric performance in
CrN films.[25,27,28,30,31,51]

2.2.2. Ar-Implanted CrN

The CrN thin film was sequentially implanted with argon ions
at progressively increasing doses, reaching up to 0.05 displace-
ments per atom (dpa). The resulting changes in electrical trans-

port properties were evaluated, with temperature-dependent re-
sistivity curves presented in Figure 4. The low-damage regime
(0–0.010 dpa) is shown on a linear scale in Figure 4a, while
the complete dataset is displayed on a logarithmic scale in
Figure 4b. All measurements exhibit full reversibility upon ther-
mal cycling, indicating that the implantation-induced defects re-
main stable and do not evolve during the temperature-driven
phase transition. Across both the antiferromagnetic and para-
magnetic phases, argon implantation consistently affects the
electrical behavior. In particular, a systematic increase in elec-
trical resistivity is observed with increasing implantation dose
(Figure 4).
After implantation at low damage regime (dpa < 0.010,

Figure 4a), the film’s resistivity increases significantly across the
entire temperature range, exhibiting a five-fold rise from 1.3 to
6.1 mΩ cm at 300 K between the reference sample and the 0.010
dpa damage level. Notably, at 0.005 dpa damage levels, the con-
ductionmode of the paramagnetic cubic phase (T> 285 K) transi-
tions from degenerate semiconducting behavior to a purely semi-
conducting behavior, while the low-temperature orthorhombic
phase retains its initial metallic-like conduction characteristics.
This effect becomes even more pronounced at a dose of 0.010
dpa. The transition of conduction mode is attributed to the de-
fect formation induced by argon implantation. At low implan-
tation doses, where metallic-like behavior persists, Equation (1)
remains valid and only the 𝜌I(dpa) contribution is affected. The
corresponding 𝜌I(dpa) values, listed in Table 1, increase with the
implantation dose.
At higher defect regime – specifically beyond critical doses

of 0.025 and 0.050 dpa – the temperature coefficient becomes
negative d𝜌/dT < 0 for both orthorhombic and cubic phases, in-
dicative of semiconductor-like behavior (Figure 4b). Such behav-
ior is typically described by a stretched Arrhenius equation, cor-
responding to either band conduction (BC) or hopping conduc-
tion mechanisms, such as nearest-neighbor hopping (NNH) or
variable-range hopping (VRH). However, since the transition to
semiconductor-like behavior occurs only after the introduction of
implantation-induced defects, it can be inferred that conduction
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Table 1. Parameters obtained by fitting the experimental resistivity-temperature curves shown in Figure 3. The grey-colored section corresponds to
metallic-like behavior (Equation 1), while the nonshaded section represents semiconductor-like behavior (Equations 3–5). In the orthorhombic phase,
variable range hopping (VRH) and nearest-neighbor hopping (NNH) conduction mechanisms are dominant in specific temperature range (Equation 3).
In the cubic phase, both VRH (Equation 4) and NNH (Equation 5) models were applied independently.

Dose (dpa) Orthorhombic (T < 280 K) Cubic (T > 280 K)

0 𝜌I = 0 𝜌I = 0

0.001 𝜌I = 0.2–0.25 mΩ.cm 𝜌I = 0.35–0.4 mΩ.cm

0.005 𝜌I = 1 mΩ.cm VRH TM = 4.0(2) 103 K

NNH EA = 15(1) meV

0.010 𝜌I = 3 mΩ.cm VRH TM = 2.0(1) 104 K

NNH EA = 50(4) meV

0.025 VRH (80 < T < 110 K) TM = 40(2) K VRH TM = 3.7(1) 105 K

NNH (120 < T < 250 K) EA = 80(5) meV NNH EA = 100(6) meV

0.050 VRH (80 < T < 110 K) TM = 1.3(1) × 104 K VRH TM = 1.3(1) 107 K

NNH (120 < T < 250 K) EA = 82(5) meV NNH EA = 125(7) meV

Figure 5. Conductivity of the orthorhombic phase (T<TN) of a CrN thin film RT-implanted with Ar-ions at a dose of 0.050 dpa. a) ln𝜎tot vs T
−1/4(3D

VRH). b) Logarithm of the NNH conductivity (after the substraction of VRH component) vs 1/T.

occurs predominantly via hopping through defect-induced local-
ized states.
In the orthorhombic phase (T < TN), electrical transport eval-

uation suggests that the total conductivity 𝜎tot(T) is the sum of:

1
𝜌tot (T)

= 𝜎tot (T) = 𝜎VRH (T) + 𝜎NNH (T) (3)

with

𝜎VRH (T) = 𝜎0exp
[
−
(
TM

T

)p]
(4)

𝜎NNH (T) = 𝜎
,
0T

−1exp
[
−

Ea
kBT

]
(5)

where 𝜎0 and 𝜎
,
0 are conductivity prefactors, TM the Mott’s tem-

perature, p an exponent (p = 1/4 for a 3D conduction), kB the
Boltzmann’s constant and Ea an activation energy. Figure 5a

shows that plotting ln𝜎tot vs T
−1/4 in the 0.05 dpa implanted sam-

ples provides a good fit at low temperature, whereas [ln(𝜎tot −
𝜎VRH).T] vs 1/T (Figure 5b) yields a good fit at higher tempera-
tures. Consequently, in the orthorhombic phase, the VRH con-
ductionmode dominates at low temperature while at higher tem-
peratures, transport is thermally activated through NNH conduc-
tion, these two processes operating all together as described by
Equation (3). The same analysis applies to the sample implanted
at lower dose of 0.025 dpa. The values of TM and Ea are listed in
Table 1.
In the cubic phase (T > TN), semiconductor-like conduction

behavior emerges for a defect dose as low as 0.005 dpa. How-
ever, the limited temperature window investigated does not al-
low for a definitive distinction between NNH and VRH as the
dominant transport mechanism (see Supporting Information).
Therefore, the characteristic parameters of both hopping mecha-
nisms, i.e. TM and Ea, are reported in Table 1, which summarizes
all the analysis results on the conduction mechanisms of the two
phases.
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Figure 6. Variation vs the damage level for Ar-implanted CrN films at room temperature of a) the charge carrier concentration and b) the carrier mobility.

As the dose increases, the resistivity contribution 𝜌I(dpa),
stemming from implantation-induced defects, also rises. Once
electrical transport becomes dominated by hopping conduction
through localized states, the associated Mott temperature in-
creases, indicating enhanced disorder in the Ar-implanted CrN
and making VRH transport less favorable. A similar trend is ob-
served for the activation energy Ea in the NNH regime, which
increases with rising dose. However, for NNH conduction in the
orthorhombic phase,Ea remains roughly constant, suggesting re-
duced sensitivity to defect-induced disorder. Overall, the electri-
cal transport properties of the orthorhombic phase appear less
affected by implantation-induced defects than those of the cubic
phase, as summarized in Table 1.
To gain further insight into the influence of these defects on

the resistivity behavior, a series of Hall measurements were per-
formed at room temperature (RT), where CrN is in the cubic
phase. These measurements aimed to assess the impact of im-
plantation on carrier concentration and, by extension, carriermo-
bility. The results are presented in Figure 6.
At low damage regimes (<0.01 dpa), the charge carrier concen-

tration decreases with increasing damage level, from4.0(2)× 1019
cm−3 for the reference sample to 2.7(2) × 1019 cm−3 at the 0.010
dpa implantation level. This 30% reduction suggests that some
generated defects act as acceptors, trapping electrons and thereby
increasing resistivity. However, this reduction in carrier density
alone does not fully account for the substantial fivefold increase
in resistivity observed with increasing damage levels. This sug-
gests that additional defects induced by argon implantation sig-
nificantly degrade carrier mobility, further contributing to the re-
sistivity increase. Interestingly, at higher implantation levels such
as 0.050 dpa, the carrier concentration recovers to values compa-
rable to the undamaged reference sample. Despite this observa-
tion, the mobility continues to decrease, reaching as low as 1.1(2)
cm2 V−1 s−1. This continued decline points to an increasingly dis-
ordered defect landscape. Themobility, which is becoming nearly
independent of temperature, indicates that implantation-induced
defects dominate the resistivity 𝜇total(T)≈ 𝜇I(dpa) (see SM). Such
low mobility values are characteristic of conduction via localized
states in CrN.[46] Based on the resistivity curves, two distinct types
of defects appear to be generated by the implantation: one pri-

marily responsible for the increase in resistivity at low damage
regimes, and the other associated with a change in the conduc-
tion mechanism at higher damage regimes. The dominant effect
of all implantation-induced defects onHall mobility becomes sig-
nificant from 0.010 dpa onward (see Figure S4, Supporting In-
formation). Ultimately, the overall mobility degradation reflects
contributions from a range of defect types, including deep levels,
localized states, and enhanced carrier scattering mechanisms.
The Seebeck coefficient versus temperature of CrN films im-

planted at different damage level is presented in Figure 7. The
reference sample exhibits a negative thermopower value across
the whole temperature range, indicative of electron-dominated
conduction. A clear transition at ≈280(2) K is also observed,
with higher absolute Seebeck coefficient values for the high-
temperature (cubic) phase. This trend mirrors the behavior ob-
served in the resistivity data, further supporting the link between
structural phase and transport properties.
At low damage levels, the S(T) curves maintain the same over-

all shape, exhibiting an abrupt transition at TN with an absolute
Seebeck coefficient that slightly increases with dose. However, a
more detailed analysis reveals that the slope of the S(T) curves
also increases with dose for both phases. For instance, in the cu-
bic phase, the slope dS/dT for the reference is ≈−0.22 μV K−2,
whereas at a dose of 0.01 dpa, it nearly doubles to −0.44 μV K−2.
According to Equation (2), the increase in the Seebeck slope can
be attributed to the decrease in carrier concentration. Such a
slope increase is less pronounced in the orthorhombic phase
than in the cubic phase, highlighting the latter’s greater resilience
to implantation-induced damage. This observation is consistent
with the resistivity measurements presented in Table 1.
At higher doses, the Seebeck coefficient curves evolve differ-

ently than at lower damage regimes. In the orthorhombic phase,
the S(T) evolution loses its linear character, accompanied by a
reduction in the absolute Seebeck coefficient. In contrast, in the
cubic phase, the curves remain approximately linear, but the
slope increases significantly to dS/dT = −0.85 μV K−2 at 0.050
dpa. Therefore, for high level of damages, the large increase in
S(T) slope can no longer be attributed to variations in carrier
concentration (see Figure 6a), suggesting additional effects at
play, such as the modification of the DOS. Furthermore, the
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Figure 7. Variation of the Seebeck coefficient as a function of temperature of a Reference and Ar-implanted CrN films. a) Lowest damage regime (dpa <
0.010), characterized by an increase in Seebeck coefficient, b) All implantation levels, with a significant reduction in the absolute Seebeck coefficient for
the sample implanted with a high damage regime.

orthorhombic-to-cubic transition becomes barely noticeable on
the evolution of the Seebeck coefficient, highlighting the progres-
sive structural degradation induced by implantation damage.
Indeed, the defects generated after implantation, especially at
high doses, are dominating the electrical properties conduction
mechanism,mitigating the amplitude of the structural transition
signature at TN.

2.3. Thermal Conductivity

The thermal conductivity of the sample in the out-of-plane di-
rection was determined by MTR for all implantation levels. The
amplitude and the phase of all signals are reported in Figure 8. It
can be observed that no substantial difference in any of the sig-
nals could bemade with respect to the reference, for which a ther-
mal conductivity of 4(1) W m−1 K−1 was determined, in line with
previously reported values.[30,51,55] As a result, the implantation-
induced defects formed with the investigated level of damage do
not significantly affect the material’s thermal conductivity. This

invariance may be attributed to the damage remaining below a
critical threshold necessary to disrupt phonon dispersion, or to
the fact that the generated defects are predominantly localized
and insufficiently extended to promote phonon scattering. The
electronic contribution 𝜅e to the thermal conductivity is negligi-
ble and hence hardly contributes to thermal transport. Therefore,
the increase in resistivity after implantation does not affect the
thermal conductivity.

3. Discussion

At the low implantation doses investigated in this work, no en-
hancement of the thermoelectric performance of CrN films was
observed. While the thermal conductivity remains unchanged,
the electrical resistivity is significantly increased, resulting in a
diminished power factor and figure of merit (zT). Indeed, after
ion implantation, the electrical conductivity is reduced and the
corresponding increase in the Seebeck coefficient is insufficient
to maintain the power factor, which drops below 1 mW m−1 K−2

Figure 8. Modulated signals of a reference and Ar-implanted CrN samples measured by Modulated Thermoreflectance microscopy. a) Amplitude,
b) Phase, showing no evolution of the thermal properties of Ar-implanted CrN films, even at a relatively high damage level of 0.1 dpa.
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at 0.010 dpa (Figure S6, Supporting Information). In implanted
CrN, changes in the power factor are primarily governed by the
evolution of electrical resistivity whichmay vary by several orders
ofmagnitude respective to the implantation dose (Figure S6, Sup-
porting Information). Nonetheless, our findings highlight that
both electrical conductivity and the conduction mechanism in
CrN can be modulated through controlled defect introduction.
This ability to selectively alter transport behavior may offer new
avenues for decoupling thermoelectric properties and enabling
alternative functional applications.
Argon implantation can generate point defects such as vacan-

cies or interstitials and more complex defect structures.[47] Ac-
cording to SRIM simulations, the target-vacancy to incident-ion
ratio in CrN exceeds 1500 (V/Ar > 1500), indicating that each im-
planted argon ion can produce a large number of lattice defects.
For a dose of 0.010 dpa, the total vacancy concentration intro-
duced is estimated to be 1 × 1021 cm−3, assuming no dynamic
recombination. The corresponding argon concentration remains
small (≈3 × 10−4 at.%), suggesting that the variation of the lat-
tice parameter is primarily attributed to implantation-induced de-
fects. This lattice expansion is consistent with prior theoretical
predictions for a chromium-deficient Cr1-𝛿N, in which the forma-
tion of N2 dumbbells aside Cr vacancies yields an increase of the
unit cell volume.[55] Additional contributions to lattice parameter
changes may also arise from implantation-induced strain.
At low damage regimes (dpa < 0.010), implantation-induced

defects introduce acceptor-type deep levels that trap charge car-
riers, leading to an increase in resistivity through the additional
term 𝜌I(dpa), which scales with the implantation dose. These de-
fects also contribute to electron scattering, thereby reducing the
Hall mobility. However, they do not significantly affect electron-
phonon interactions, and the dominant conduction mechanism
remains governed by the behavior described in Equation (1). The
increase in resistivity after low-regime Ar implantation may be
explained by the presence of different types of acceptors. For in-
stance, the supersaturation of as-introduced vacancies can lead
to the formation of chromium vacancies VCr, which have been
proposed to induce p-type conduction.[55] The formation of ac-
ceptor complexes can also be considered, as exemplified by the
xVCr–yO complexes, considering that the presence of oxygen in
the film cannot be ruled out. Additionally, the coupling of noble
gas atoms with vacancies (ArnVm) is also likely to occur, though
in limited amplitude due to the small number of implanted argon
atoms. Both types of complexes were predicted and observed in
degenerate ScN films and were invoked to explain the increase
in resistivity under gas implantation.[47–50,60] At low implantation
doses, the concentration of nitrogen vacancies (Vn) is insuffi-
cient to induce a change in the conduction mechanism. Instead,
acceptor-type defects dominate, leading to a reduction in carrier
concentration. With increasing doses, 0.01 dpa, argon implan-
tation generates a significant number of vacancies—both nitro-
gen and chromium—due to collision cascades. However, many
of these point defects are likely to recombine during implanta-
tion via dynamic annealing processes. Given the relatively small
variations in carrier concentration observed after implantation, it
can be inferred that the concentration of active nitrogen vacan-
cies, which act as donors, remains of the same order as in the as-
grown material. The increase in the Seebeck coefficient within
the low damage regime is primarily caused by the trapping of

charge carriers by related defects which directly impacts carrier
concentration.
Beyond a structure-dependent critical threshold evaluated here

between 0.010 and 0.025 dpa, point defects, which introduce lo-
calized states, start to dominate and consequently shift the con-
duction mode from metallic to semiconductor-like via hopping
mechanisms (VRH and NNH). Interestingly, this change in con-
ductionmode occurs at lower doses for the cubic phase. At a dose
of 0.010 dpa, the orthorhombic phase still exhibitsmetallic behav-
ior, whereas the cubic phase was switched to the semiconduct-
ing state. Similar behavior was reported by several authors for
as-grown CrN, further highlighting the critical role of defects in
governing the conduction mode.[35,37,40,61] For higher doses, both
phases exhibit semiconducting behavior, consistent with find-
ings from some studies on as-grown CrN.[38,40,62,63] This further
supports the idea that the concentration of implantation-induced
defects plays a key role in modifying the conduction mechanism.
The results reported in this study show that defects are at

the origin of the change in conduction mode. To support our
analysis, the values of the Mott’s temperature observed after the
whole transition (0.010 dpa) are close to the one reported for
semiconducting conduction,[40,46] in the range 103–104 K for the
cubic phase at RT. Thus, using the original Mott temperature
relation[64] given by TM = 18∕(L3CD(EF)kB), it is possible to esti-
mate the localization length LC, provided that the density of states
D(EF) is known. Thus, for the cubic phase, which exhibits a Mott
temperature close to 104 K at the conduction transition, the esti-
mated localization length is ≈2.7 nm. This value is in line with
that reported in CrN/MgO(001) synthesized at 850 °C by mag-
netron sputtering, where hopping conduction also dominates.[46]

At a higher dose (0.025 dpa), this localization length is reduced
by amagnitude (Rh(T= 300 K)= 3Lc/8(TM/T)

1/4 ≈ 0.24 nm), sig-
nificantly smaller than the lattice parameter of CrN (0.415 nm).
These implantation-induced defects act as strong scattering cen-
ters, substantially reducing carrier mobility, as expected for local-
ized systems. However, their influence on the Seebeck coefficient
appears minimal. Point defects, particularly nitrogen vacancies,
appear to be the primary cause of localized states and the asso-
ciated degradation of carrier mobility. The onset of hopping con-
duction is closely tied to the concentration of these defects. As
implantation dose increases, the carrier concentration begins to
recover toward the reference value, andmodifications in the den-
sity of states suggest a changing defect landscape. Despite the in-
creasing impact of these nanoscale defects on electrical transport,
in particular themobility, their overall concentration remains rel-
atively low and does not substantially affect the thermal conduc-
tivity.

4. Conclusion

This study delved into the transport properties of CrN thin films
implanted with argon ions at different damage levels. The results
reveal that CrN is highly sensitive to defect introduction, with
measurable changes in electrical transport behavior occurring at
damage levels as low as 0.001 dpa, indicating a higher suscepti-
bility to ion implantation compared to other TMNs such as ScN.
The electrical resistivity increased after implantation regardless
of the damage level, primarily due to a significant reduction in
electron mobility caused by the introduction of point defects and
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Figure 9. a) Displacement per atom (dpa) and b) concentration profiles as function of depth, calculated using SRIM code for a multi-energy Ar-0.010dpa
implantation.

defect clusters. The carrier concentration is also affected, con-
firming that some implantation-induced defects are electrically
active and act as electron traps.
Beyond a critical damage level, the conduction mode shifts

from metallic-like to semiconducting behavior, highlighting the
significant contribution of defects to the dominant electrical con-
duction mechanism. These findings provide a compelling expla-
nation for the broad variability in resistivity trends reported for
CrN thin films in the literature, emphasizing that the conduction
behavior is predominantly governed by defect levels than by im-
purity content. The semiconducting behavior is believed to result
from the introduction of localized states.
In the orthorhombic phase of implanted samples at dpa lev-

els exceeding 0.025, electron transport is described by VRH at
low temperature and NNH dominates above. A similar hop-
ping conduction mechanism is also observed in the cubic phase.
The Seebeck coefficient remains largely unaffected at low doses,
in contrast to resistivity. However, at doses as large as 0.050
dpa, Seebeck measurements indicate modifications in the den-
sity of states (DOS), likely due to defect evolution, such as the
formation and growth of defect clusters. Despite these sub-
stantial changes in electrical transport, thermal conductivity re-
mains unaffected up to a dose of 0.050 dpa. This stability is at-
tributed to the relatively low density and localized nature of the
implantation-induced defects, which appear insufficient to affect
the phonon scattering of the pristine sample in the out-of-plane
direction.
In summary, ion implantation at moderate dpa levels sig-

nificantly modulates the electrical transport properties of CrN
thin films without altering their thermal conductivity. These
findings underscore the critical role of defect engineering in
modulating the functional properties of CrN and pave the way
for precise control of its transport properties through targeted
defect manipulation.

5. Experimental Section
Epitaxial thin films of CrN were deposited on Al2O3 substrates at 800 °C
using dc reactive magnetron sputtering in an ultra-high-vacuum chamber

under a base pressure of 10−6 Pa. The detailed deposition process and
system is further described elsewhere.[65,66]

The thickness of the films was determined to be 225 nm with respect
to X-Ray Reflectivity (XRR) and Scanning Electron Microscopy (SEM). The
films were implanted cumulatively with Ar ions at room temperature using
an EATON VN3206 implanter. The depth profiles of the implanted ions in
the CrN films were simulated using SRIM 2013 software under the full-
damage cascade.[67] Similar to previous studies,[47–50] a multi-energy im-
plantation protocol was used to introduce a constant quantity of damage
(called displacements per atom, noted dpa) throughout the film depth. To
assess the progressive influence of the damage level into the film’ prop-
erties, the level of dpa was set at different controlled values (0.001, 0.005,
0.010, 0.025, and 0.050 dpa). The energy profile extracted from SRIM 2013
simulations with argon ions is presented in Figure 9, using three decreas-
ing incident energies of 320, 160, and 50 keV with fluences of 1.5 × 1012,
1.4× 1012 and 6.2× 1012 ions.cm−2, respectively, for the 0.010 dpa sample.
The implantation parameters were chosen to introduce a constant level
of damage (dpa) along the film depth, the concentration of argon atoms
fluctuating ≈0.0003 at.% in the latter case. Other dpa implantations were
obtained by multiplying the fluence values by the corresponding dpa ratio.

The in-plane electrical resistivity 𝜌 was measured by the Van der Pauw
technique using an ECOPIA HMS-5500 Hall measurement system with
two cryostats operating in the 80–350 K and 300–750 K temperature range.
The charge carrier concentration n was measured using the same equip-
ment in the Hall configuration using a constant magnetic field of 0.580
T. The Hall mobility was extracted using the relation µ = 1∕ne𝜌, e being
the elemental charge. The Seebeck coefficient S(T) was measured up to
320 Kwith the Physical PropertiesMeasurement System (PPMS,Quantum
Design) using a linear four-probe configuration. Standard deviations for
the resistivity, carrier mobility and Seebeck coefficient measured through
these methods are estimated to be 4%, 5%, and 6%, respectively.

Cross-section transmission electron microscopy (TEM) samples were
prepared on an FEI ThermoFisher Helios Nanolab 660 by using the stan-
dard lift-out technique. TEM imaging was performed on FEI Titan3 G2
80−300 microscope, operated at 300 kV and equipped with a Cs probe
corrector. X-ray Diffraction patterns were collected in the Bragg–Brentano
geometry by a four-circle Seifert Space TS-4 X-ray diffractometer equipped
with a Cu source and a Meteor0D Detector.

Thermal conductivity measurements were performed using Modulated
Thermo-Reflectance (MTR) microscopy, a nondestructive optical tech-
nique. In this method, a laser beam (Pump), modulated at a frequency
of 100 kHz, was focused onto the sample’s surface using an objective
lens (X50 NA 0.5), generating a periodic thermal response. A second laser
beam (Probe) scanned the surface, and its reflectance changes were de-
tected by a photodiode. The recorded AC reflectance signal, processed
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by a lock-in amplifier, provided amplitude and phase data that are indica-
tive of the thermal properties of the sample. The obtained data were ana-
lyzed using amultilayer thermal diffusionmodel, enabling the extraction of
thermal conductivity, specific heat, and interfacial thermal resistance. The
pump and probe lasers operated at wavelengths of 532 and 488 nm, re-
spectively. No transducer was needed to perform accurate measurements
due to the highly reflective nature of the films.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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