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driven p–n conversion and
thermoelectric properties in CrN films

Yi Shuang, *ab Yuta Saito, ac Shogo Hatayama,d Mihyeon Kim,a Paul Fons e

and Yuji Sutou *ab

Transitionmetal nitrides such as CrN are promising for thermoelectric applications due to their high stability

and tunable electronic properties, yet they have been largely limited to n-type conduction, restricting

device design. Here, we report the successful synthesis of p-type CrN films via controlled residual

oxygen incorporation during RF magnetron sputtering regulated through N2 gas flow adjustment,

without introducing any additional oxygen source. A low N2 gas flow rate (fN2
) produces N-deficient

CrN1−d(O) films with n-type conduction dominated by nitrogen vacancies, while higher fN2
($4 sccm)

stabilizes Cr vacancies in over-stoichiometric Cr1−dN(O) films, resulting in p-type hole conduction. Cr K-

edge X-ray absorption fine structure (XAFS) reveals Cr–Cr bond elongation, reduced coordination, and

enhanced Cr3d–O/N2p hybridization, indicative of localized hole states. Temperature-dependent

transport measurements confirm the mechanisms, leading to a room-temperature power factor (PF) up

to 0.105 mW m−1 K−2 (n-type) and 0.053 mW m−1 K−2 (p-type). The structural similarity between the n-

and p-type films enables the creation of p–n homojunctions, highlighting a straightforward route for

CrN-based thermoelectric devices.
Introduction

Thermoelectric (TE) materials have emerged as key enablers for
sustainable energy technologies, as they can directly convert
waste heat into electrical energy without any moving parts or
greenhouse emissions.1 The energy conversion efficiency of
a thermoelectric material is characterized by the dimensionless
gure of merit, ZT = S2sT/k, where S denotes the Seebeck
coefficient, s the electrical conductivity, and k the thermal
conductivity.2,3 A high ZT thus requires the simultaneous
enhancement of the power factor PF (S2s) and the suppression
of heat transport. In the past few decades, extensive efforts have
been devoted to improving bulk TE materials such as Bi2Te3,
PbTe, and SnSe.4 While these compounds have demonstrated
outstanding ZT values near or above unity, their practical
applications are constrained by scarcity, toxicity, or poor
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thermal and chemical stability, particularly at elevated
temperatures. Recently, thin lm thermoelectric devices have
drawn growing interest due to their versatility in microelec-
tronic integration and localized energy harvesting. Film
congurations offer additional advantages such as microstruc-
tural engineering, strain modulation, and controlled carrier
transport across nanoscale interfaces.5 These properties make
TE lms attractive for emerging applications, including exible
temperature sensors,6 microscale power generation applica-
tions7 and on-chip energy harvesting devices.8 Nevertheless,
most conventional telluride-based TE lms are chemically
unstable, corrode easily, and degrade under thermal cycling,
severely limiting their operational reliability at high
temperatures.9,10

In this context, transition-metal nitrides (TMNs) and rare-
earth nitrides (RENs) have been identied as promising candi-
dates for robust thermoelectric lms.11–14 They possess high
mechanical strength, excellent oxidation and corrosion resis-
tance, moderate thermal conductivity, and a broad tunability in
electrical transport properties. Among TMNs, chromium nitride
(CrN) stands out as an n-type semiconductor with intriguing
electronic and thermal characteristics. CrN exhibits relatively
low resistivity together with a large Seebeck coefficient around
120 mV K−1, resulting in a competitive power factor.15,16

Furthermore, the high melting point and chemical inertness of
CrN enable stable operation in harsh thermal environments,
making it suitable for high-temperature TE applications.17 The
n-type conduction in CrN mainly originates from nitrogen
J. Mater. Chem. A, 2026, 14, 14241–14250 | 14241
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vacancies within its rocksalt structure, which provide donor-like
states near the conduction band.18 In addition, the intrinsic
lattice instabilities of the rocksalt CrN phase contribute to
a suppressed lattice thermal conductivity, a benecial feature
for thermoelectric performance.15,19 Given the intrinsic low
thermal conductivity of CrN, enhancing its ZT primarily relies
on increasing the power factor through modulation of carrier
concentration and carrier scattering mechanisms. The narrow
bandgap in the range of 0–0.7 eV and high defect tolerance of
CrN allow its electrical properties to be tuned from metallic to
semiconducting regimes through compositional control and
defect engineering.16,20–23 However, for practical TE module
design, both n- and p-type materials are essential. Ideally, these
two components should possess similar crystal structures,
thermal expansion coefficients, and mechanical properties to
minimize interfacial strain and chemical interdiffusion.24,25One
straightforward strategy is to achieve both n- and p-type
conduction in a single material system. In this regard, p-type
conduction in CrN has been reported to occur through metal-
site substitutional doping. For example, alloying CrN with
aluminium has been shown to induce a transition from n-type
to p-type conduction, which was initially attributed to the
substitution of Al for Cr and the associated modication of the
electronic structure.26 More recently, Mg-doped CrN has also
been demonstrated to exhibit p-type behaviour. Density func-
tional theory (DFT) calculations revealed that Mg substitution
on the Cr site shis the electronic bands upward such that the
Fermi level enters the valence band, thereby inducing hole
carriers.27 These studies indicate that p-type transport in CrN
can be achieved through appropriate substitutional metal
doping via intrinsic band-structure modication.

Beyond intentional substitutional doping, subsequent
studies have revealed that carrier polarity in CrN is highly
sensitive to deviations from stoichiometry and native defect
chemistry. In particular, Le Febvrier et al. demonstrated that the
n–p type transition in CrN is primarily governed by the overall
anion/cation ratio and the formation of Cr vacancies under
nitrogen-rich conditions.28 Their combined experimental and
theoretical analysis showed that p-type conduction emerges
when metal-site vacancies become dominant, while oxygen
contamination at the 1–2% level mainly shis the apparent
transition point away from the ideal stoichiometric limit.
Although theory predicts the transition to occur at zero devia-
tion from stoichiometry, experimentally observed switching at
CrN1+dwith dz−0.03 highlights the strong sensitivity of carrier
polarity to subtle changes in defect chemistry. Within this
framework, oxygen incorporation should be considered as an
important compositional factor that inuences defect equilibria
in TMN thin lms, rather than as a direct acceptor itself. In
reactive sputtering processes, oxygen contamination is difficult
to control: even a slight partial pressure of oxygen, such as 3.0×
10−3 Pa relative to a working pressure of 1.0 Pa, almost 40 at%
oxygen can be incorporated into the growing TiN lm.29

Depending on the concentration, oxygen atoms will substitute
for nitrogen sites or occupy interstitial positions, thereby acting
as donors or acceptors and strongly affecting carrier polarity
andmobility. Exploiting this unavoidable oxygen incorporation,
14242 | J. Mater. Chem. A, 2026, 14, 14241–14250
rather than eliminating it, should provide a new approach for
tuning the transport properties in, especially, semiconducting
nitride lms.

In this study, we demonstrate an oxygen-driven n–p conver-
sion in CrN lms achieved without any external oxygen source.
Instead, we utilize the residual oxygen naturally present in the
sputtering chamber and reproducibly control its incorporation
by xing the chamber base pressure at 10−5 Pa and simply
adjusting the nitrogen gas ow rate (fN2

) and the working
pressure during radio-frequency (RF) magnetron sputtering.
This straightforward yet highly effective approach enables
accurate control of oxygen content, from 6.8 to 12.4 at% by just
varying fN2

from 2 to 8 sccm, and consequently, leading to
a transition of CrN from n- to p-type conduction. The structural,
electrical, and thermoelectric characteristics of the resulting
CrN(O) (hereaer, the oxygen-incorporated CrN lms are
referred to as CrN(O) for simplicity) lms were comprehensively
investigated, revealing a strong correlation between oxygen
incorporation and charge transport. This work provides
a simple, cost-effective, and large-area-compatible strategy to
tune carrier polarity in transition-metal nitrides, offering new
insights into defect-mediated thermoelectric design.
Experimental
Preparation of CrN(O) lms

CrN(O) lms were deposited on Si/SiO2 (100 nm) or quartz
substrates by RF magnetron reactive sputtering of Cr (99.99%)
pure target at room temperature (R.T.) in an Ar (99.999 vol%)/N2

(99.999 vol%) atmosphere. The RF power of Cr was xed at
50 W. The Ar gas ow rate was xed at 15 sccm and the N2 gas
ow rate (fN2

) varied from 0 to 10 sccm. The base pressure of the
sputtering chamber was xed at approximately 10−5 Pa. The
working pressure during sputtering was around 0.34 Pa without
owing N2 gas, and increased up to 0.54 Pa when the fN2

ow
was set to 10 sccm. The lm thickness was measured by Atomic
Force Microscopy (AFM).
Characterization of CrN(O) lms

The composition of the lms deposited at fN2
values of 2, 6, and

8 sccm was determined by Rutherford backscattering (RBS,
Pelletron 3SDH, National Electrostatics Corporation) using
2300 keV He ions at a scattering angle of 160 and 104°. The lms
for RBS measurements were deposited on Si/SiO2 (100 nm)
substrates with a thickness of 30 nm. To prevent surface
oxidation, a 5 nm Cr cap layer was in situ deposited in the same
sputtering chamber. The resulting compositional depth proles
from the surface to the substrate are shown in Fig. 1(a). It can be
observed that, even with the 5 nm Cr cap, slight oxidation
occurs near the interface between the CrN(O) lm and the cap;
however, the composition becomes uniform at greater depths,
indicating the intrinsic presence of a small amount of oxygen in
the CrN(O) lms during sputtering. The elemental composi-
tions were taken from the at region of the depth proles and
are summarized in Table 1. A small amount of oxygen was
conrmed in all lms, and the oxygen content increased with
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Concentration depth profile of Si, O, Cr, and N in CrN(O) films deposited at an fN2
of 2, 6, and 8 sccmmeasured by RBS. (b) The atomic

ratio of O/Cr, N/Cr and (O + N)/Cr calculated from RBS results taken from the uniform part of the depth profile. (c) XRD patterns, (d) d(111) and (e)
temperature dependence of the Seebeck coefficient of the CrN(O) films at various fN2

.

Table 1 Composition of the CrN(O) films determined by RBS

fN2
(sccm) Cr (at.%) N (at.%) O (at.%) Working pressure (Pa)

2 54.7 39.3 6.0 0.38
6 47.5 43.9 8.6 0.46
8 45.3 42.3 12.4 0.50
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increasing fN2
and the associated working pressure. Since ultra-

high purity argon (G1, O2 < 0.1 vol. ppm) or nitrogen (G1, O2 <
0.1 vol. ppm) gas was used, the oxygen incorporation discussed
in this work arises from unavoidable residual oxygen in the
sputtering system and is controlled indirectly through process
parameters rather than by intentional oxygen dosing.

The crystal structures of the as-deposited CrN(O) lms were
investigated by X-ray diffraction (XRD, Rigaku; Ultima IV). The
diffraction patterns were obtained in the 2q range from 35° to
50° with Cu Ka radiation. Quartz substrates were used for XRD
measurements. The cross-sectional microstructure of the
CrN(O) lms were observed using a eld emission transmission
electron microscope (FE-TEM, HF-2000EDX; Hitachi) at an
accelerating voltage of 200 kV. TEM samples of the CrN(O) lms
were thinned using ion milling (PIPS; Gatan). X-ray photoelec-
tron spectroscopy (XPS, Thermo VG; Theta Probe) was per-
formed to analyze the chemical bonding state of elements in the
CrN(O) lms. Ar ion etching for 60 min with a 1 kV ion gun was
carried out to remove the surface oxidation layer before the XPS
This journal is © The Royal Society of Chemistry 2026
measurements. All energies were calibrated using the C 1s peak
at 285.0 eV. The lms for TEM and XPS measurements were
deposited on Si/SiO2 (100 nm) substrates. X-ray absorption ne
structure (XAFS) measurements were carried out at beamline
BL01B1 at SPring-8 of the Japan Synchrotron Radiation
Research Institute (JASRI). Cr K-edge spectra were recorded in
uorescence mode 100-nm-thick CrN(O) lms at an fN2

of 2, 4
and 6 sccm were deposited onto quartz substrates for the
measurements. A 5-nm-thick SiO2 layer was deposited on the
surface of the CrN(O) lms to prevent surface oxidation. The
XAFS data obtained were analyzed using Athena and Artemis
soware.30 The electrical properties of the lm were evaluated
by Hall-effect measurements (Toyo Corp.; ResiTest 8400). The
temperature dependence of the resistivity of the CrN(O) lms
was measured by the van der Pauw method in a He atmosphere.
The temperature range was set to be 250–400 K with a step of 10
K. AC Hall measurements (Toyo Corp.; ResiTest 8400) were
carried out to measure the Hall properties at RT in the same
chamber as that used for the resistivity measurements. The
Seebeck coefficient S was measured (Toyo Corp.; ResiTest 8300)
over the temperature range of 260–400 K. The above electrical
characterization studies were carried out on uncapped CrN
lms immediately aer lm growth. Insulating quartz
substrates were selected to avoid any unwanted parallel
conduction paths during the electrical measurements. The
thermal conductivity of selected CrN(O) thin lms was
measured using the time-domain thermoreectance (TDTR)
technique (PicoTR system; NETZSCH).
J. Mater. Chem. A, 2026, 14, 14241–14250 | 14243
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First-principles calculations

The rst-principles calculations of oxygen incorporating CrN
lms were carried out using Density Functional Theory (DFT)
calculations. These calculations were conducted using the
Vienna Ab initio Simulation Package (VASP) and projector
augmented plane wave (PAW) pseudopotentials, with the Per-
dew–Burke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) for handling exchange and correlation effects.
Several possible crystal model candidates with different defect
states were considered using 3 × 3 × 3 supercells of cubic CrN
(Fm�3m). Each system was fully relaxed. The plane-wave cut-off
energy was set at 400 eV.
Results and discussion
Structural analysis

Fig. 1(b) shows the atomic ratio of O/Cr, N/Cr and (O + N)/Cr
calculated from the RBS results for the CrN(O) lms. The
CrN(O) lm deposited at fN2

= 2 sccm was off-stoichiometric
with a N/Cr ratio less than 1 and an oxygen content of around
6.0 at% (CrN0.72O0.11). Since the Ar ow rate was xed at 15
sccm, the increase in fN2

increased the working pressure,
leading to a higher oxygen partial pressure and consequently
leading to increased oxygen content in the lms. Similar
behavior was observed in zinc oxy-nitride lms, where the
oxygen concentration was found to increase with working
pressure.31 For fN2

values above 6 sccm, the N/Cr ratio
approached 1, but the total N + O concentration exceeded the Cr
concentration, indicating Cr-deciency. Specically, the CrN(O)
lms deposited at fN2

= 6 and 8 sccm contained ∼8.6 at% O
(CrN0.93O0.18), and ∼12.4 at% O (CrN0.93O0.27), respectively.
Fig. 1(c) shows XRD patterns of the as-grown lms at R.T.,
illustrating the phase evolution as a function of fN2

. At fN2
= 1

sccm, the reection peaks are very weak, suggesting a very ne
microstructure and the coexistence of multiple minor phases
such as Cr or Cr2N in addition to CrN. When fN2

exceeds 2 sccm,
the NaCl-type cubic CrN phase begins to form. At this stage,
111cubic and 200cubic reections appear at relatively higher
angles, indicating a reduced lattice constant due to insufficient
nitrogen content and the presence of numerous nitrogen
vacancies. For fN2

S 3 sccm, the NaCl-type cubic phase exhibits
a pronounced (111) preferred orientation parallel to the
substrate, with the 111cubic peak gradually shiing to lower
angles with increasing fN2

, reecting lattice expansion as
nitrogen atoms occupy previously vacant sites. The peak posi-
tions and intensities remain essentially unchanged for fN2

S 3
sccm, suggesting that the nitrogen content approaches satura-
tion and stoichiometric CrN is formed. The d-spacing of the
(111) planes plotted in Fig. 1(d) was calculated from the 111
peak positions, with the peak tting details shown in Fig. S1.
The results show a marked increase in the fN2

region from 2 to 3
sccm, further supporting the hypothesis of a nitrogen-decient
state of the CrN lattice in the low fN2

region, consistent with the
RBS results. No secondary phases were detected, indicating that
the small amount of oxygen incorporated into the lms does not
signicantly alter the crystal structure.
14244 | J. Mater. Chem. A, 2026, 14, 14241–14250
Fig. 1(e) shows the temperature dependence of the Seebeck
coefficient for CrN(O) lms deposited under different fN2

conditions. The lms deposited with fN2
& 3 sccm exhibit n-type

semiconductor behavior with a negative Seebeck coefficient,
consistent with previous reports.15,32 The Seebeck coefficient
ranges from approximately −7 to −30 mV K−1 at 250 K and
remains nearly constant with increasing temperature, the
values of which are signicantly smaller than the typical stoi-
chiometric CrN value of around −120 mV K−1 at 300 K. The
reduced absolute value can be attributed to the higher carrier
concentration in nitrogen-decient CrN lms, as described by
the Mott–Boltzmann relation:

S ¼ 8p2kB
2T

3eh2
m*

�
p

3ni

�2
3

(1)

where kB is the Boltzmann constant, h the Planck's constant, T
the temperature, m* the effective mass, e the elementary charge
and ni the carrier concentration. As indicated by this equation,
the Seebeck coefficient is inversely proportional to the carrier
concentration and directly proportional to the effective mass,
which will be discussed in detail later. In contrast, lms
deposited at fN2

S 4 sccm exhibited a positive Seebeck coeffi-
cient, indicating p-type conduction. This result strongly
suggests that the residual oxygen naturally present in the
sputtering chamber, modulated by fN2

, can effectively be used to
tune the conduction type of CrN(O) lms. Interestingly, this p-
type behavior induced by oxygen incorporation differs from
that in previous studies. In early reports, oxygen doping was
shown to suppress the Seebeck coefficient in n-type CrN
lms.33,34 This effect is primarily attributed to electron doping:
when oxygen substitutes for nitrogen in already n-type CrN,
oxygen incorporation introduces additional electrons, thereby
increasing the electron carrier concentration and reducing the
Seebeck coefficient. Moreover, McGahay et al. reported that,
substituting nitrogen with oxygen on anion sites of CrN results
in n-type doping which, however, is partially compensated for
by the formation of negatively charged Cr vacancies acting as
acceptors.35 Febvrier et al. further demonstrated that the carrier
type in CrN is governed by the Cr/N ratio, and that even a small
amount of oxygen incorporation can shi the apparent n–p
transition away from the ideal stoichiometric limit.28 In this
work, however, oxygen incorporation led to both conduction-
type inversion and an enhancement in the Seebeck
coefficient.

We further performed cross-sectional TEM of N-decient
and Cr-decient CrN(O) thin lms to investigate possible
microstructure changes. Fig. 2(a) and (c) show bright eld cross-
sectional TEM images of a CrN(O) lm deposited at a fN2

of 2
sccm (CrN0.72O0.11, n-type) and 6 sccm (CrN0.93O0.18, p-type),
indicating that both lms exhibit a columnar-like grain micro-
structure. The surfaces of both lms are relatively smooth.
Fig. 2(b) and (e) show selected area electron diffraction (SAED)
patterns of the lms, showing a ring pattern typical of the
polycrystalline phase. Both N-decient and Cr-decient CrN(O)
lms were determined to be a single NaCl-cubic CrN phase.
From the lattice spacing analysis of each crystalline plane, it is
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta10269c


Fig. 2 Cross-sectional TEM image of a CrN(O) film deposited at a fN2
of (a) 2 sccm (CrN0.72O0.11) and (d) 6 sccm (CrN0.93O0.18). Diffraction

patterns and indexing of the (b) CrN0.72O0.11 and (e) CrN0.93O0.18 films. STEM images of the (c) CrN0.72O0.11 and (f) CrN0.93O0.18 films.
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evident that upon further increases in fN2
, nitrogen atoms

gradually occupy nitrogen-vacancy sites, resulting in an overall
lattice expansion. This trend is consistent with the XRD results,
where the diffraction peaks systematically shi toward lower 2q
values. In addition, as shown in Fig. 2(c) and (f), high-resolution
Scanning Transmission Electron Microscopy (STEM) images
reveal clear lattice fringes, further conrming that both n- and
p-type CrN(O) lms possess well-crystallized microstructures
despite compositional differences. The chemical bonding states
of both lms were also characterized by XPS with the results
shown in Fig. S2. It was found that both Cr 2p3/2 and Cr 2p1/2
peaks could be separated into two peaks using Gaussian tting
for the CrN0.93O0.18 lm. The peaks at 574.83 eV and 584.28 eV
are identied as Cr3+ due to the presence of Cr–N bonds, while
the peaks at higher energy of 576.43 eV and 586.35 eV can be
regarded as oxidized peaks due to the stronger binding energy
of Cr–O. The N 1s peak at 397.38 eV may indicate that the N is
bonded with Cr atoms. The appearance of the O 1s peak even
aer the removal of the surface oxidation layer also suggests the
existence of O atoms. However, no obvious peak shi can be
found between n-type CrN0.72O0.11 and p-type CrN0.93O0.18 lms.
Since no signicant changes in the crystal structure were
observed upon oxygen incorporation by XRD, TEM and XPS,
more sensitive tools were employed such as synchrotron XAFS
spectroscopy to further investigate the local structural varia-
tions and defect congurations responsible for the observed p–
n conversion.

Febvrier et al. showed that Cr vacancies introduce hole
carriers and shi the Fermi level toward the valence band,
giving rise to p-type conduction.28 Our observation that lms
deposited at fN2

S 4 sccm exhibit p-type behavior is therefore
plausibly explained by a high concentration of Cr vacancies in
This journal is © The Royal Society of Chemistry 2026
these Cr-decient lms. To directly probe this hypothesis, we
examined the local coordination of Cr in lms deposited at fN2

=

2, 4, and 6 sccm by Cr K-edge extended X-ray absorption ne
structure (EXAFS). Fig. 3(a) displays the Fourier transform (FT)
of the k3-weighted c (R) spectra (plotted versus the radial
distance R). No secondary crystalline phases other than NaCl-
type cubic CrN were detected in XRD, and the c (R)-R spectra
differedmarkedly from those of chromium oxides. Note that the
distances shown in Fig. 3(a) are shorter than the crystallo-
graphic distances due to the presence of phase shis. The phase
shis were accounted for in the tting process. Accordingly, we
assigned the rst-nearest-neighbour peak to the Cr–N shell
(nominal RCr−N ∼ 2.08 Å, coordination number (CN) ∼ 6) and
the second-neighbour peak to the Cr–Cr shell (nominal RCr−Cr

∼ 2.95 Å, CN ∼ 12).36 The Cr–O scattering path was not
considered in the tting, as its inclusion did not improve but
instead degraded the tting quality, consistent with our
previous report.37 With increasing fN2

, the Cr–N peak position
and intensity remain nearly unchanged, whereas the Cr–Cr
peak intensity increased noticeably, suggesting a variation in
Cr–Cr coordination. Because the EXAFS peak intensity is
directly related to the CN, we quantitatively analysed these
changes by tting the c (R) spectra in the R-space range of 1–3 Å,
as shown in Fig. 3(a). The best t was done for this plot within
the k-range of 3–12 Å (Fig. 3(b)). The extracted local structural
parameters are summarized in Fig. 3(c–e) and Table 2.

The tted Cr–N coordination number remains near the
theoretical value (∼6) and shows only minor uctuations with
fN2

, indicating that the local octahedral Cr–N environment is
largely preserved (Fig. 3(d)). In contrast, the Cr–Cr coordination
number systematically decreases with increasing fN2

, reaching
∼8.8 at fN2

= 6 sccm (from the ideal 12), which unambiguously
J. Mater. Chem. A, 2026, 14, 14241–14250 | 14245
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Fig. 3 (a) Fourier transformed EXAFS data at the Cr K-edge and fitting results for CrN(O) films deposited at an fN2
of 2, 4, and 6 sccm. (b)

Experimental and simulated back-Fourier transformed EXAFS spectra of the CrN(O) films deposited at an fN2
of 2, 4, and 6 sccm. The simulated

coordination number of (c) Cr–Cr and (d) Cr–N paths. (e) The atomic distances of Cr–Cr and Cr–N paths.

Table 2 Curve fitting results of Cr K-edge EXAFS in the CrN(O) films deposited at an fN2
of 2, 4, and 6 sccm

fN2
(sccm) Path Coordination number, CN Atomic distance (Å), R

Debye–Waller
factor, s2

Reduced,
c2

2 Cr–Cr 11.19 � 1.46 2.932 � 0.007 0.008 80.69
Cr–N 5.51 � 0.93 2.042 � 0.009 0.005

4 Cr–Cr 9.43 � 1.25 2.941 � 0.007 0.008 81.32
Cr–N 6.44 � 1.28 2.047 � 0.010 0.006

6 Cr–Cr 8.81 � 1.22 2.943 � 0.007 0.007 62.09
Cr–N 5.50 � 1.07 2.050 � 0.009 0.005
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indicates a signicant concentration of Cr vacancies (Cr-site
deciency) in the high- fN2

lms (Fig. 3(c)). This result is
consistent with our previous transmission-mode EXAFS study
on lms deposited under the same conditions (fN2

= 6 sccm) on
Al foil, which also evidenced reduced Cr–Cr coordination.37 As
the fN2

increases, leading to oxygen incorporation, both Cr–N
and Cr–Cr bond lengths slightly increase (Fig. 3(e)). We attri-
bute this to substitutional oxygen on nitrogen sites (ON), which
is thermodynamically favoured over interstitial occupation.
Substitutional ON leads to local charge redistribution and lattice
relaxation, producing slight increases in Cr–N and Cr–Cr bond
lengths on the order of ∼0.01–0.03 Å. These local structural
changes are directly linked to the electronic structure and p-type
conduction mechanism. In ideal CrN, three nonbonding 3d
electrons remain localized around the Cr atom, resulting in
14246 | J. Mater. Chem. A, 2026, 14, 14241–14250
limited intrinsic conductivity. The introduction of Cr vacancies
decreases the electron occupation of the Cr 3d states at the
vacant sites, generating localized hole states predominantly in
the Cr 3d–N 2p hybridized bands, which act as p-type carriers.
Oxygen substitution further modies these states: due to its
higher electronegativity, oxygen enhances Cr 3d–O 2p hybrid-
ization, altering the local electronic density and slightly raising
the 3d energy levels, thereby stabilizing hole states and
increasing their concentration. Simultaneously, the Cr–Cr and
Cr–N bond elongation narrows the 3d bandwidth, enhancing
electron localization and facilitating the formation and detec-
tion of additional unoccupied states.

Cr K-edge X-ray absorption near edge structure (XANES)
conrms this picture, as the emergence of a new pre-edge peak
(corresponding to the 1s / 3d transition) at around 5992 eV
This journal is © The Royal Society of Chemistry 2026
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indicates an increase in unoccupied 3d states corresponding to
these localized holes. These unoccupied states directly reect
the presence of localized holes on Cr sites: the absence of
electrons in the 3d orbitals allows 1s core electrons to be excited
into these vacant states. Therefore, the pre-edge intensity
provides a direct probe of the formation and concentration of Cr
3d holes induced by defects or oxygen substitution (Fig. 4).

Together, the EXAFS and XANES observations demonstrate
that Cr vacancies and oxygen-induced local electronic structure
modications collectively generate hole carriers, providing
a microscopic explanation for the observed p-type conduction
in Cr-decient, oxygen-incorporating CrN lms.
Electrical transport analysis

We further investigated the thermoelectric properties. Fig. 5(a)
summarizes the R.T. Seebeck coefficient of lms deposited at
various fN2

as already shown in Fig. 1(e). Films deposited at low
fN2

(1–3 sccm) exhibit negative Seebeck coefficients, and all lms
deposited at fN2

higher than 4 sccm display positive Seebeck
coefficients with signicantly larger absolute values. The See-
beck coefficient increases from 36.1 mV K−1 to 68.8 mV K−1 with
increasing fN2

from 4 to 8 sccm and saturates. In contrast to the
n-type CrN lms, where the Seebeck coefficient can be reason-
ably described by the Mott–Boltzmann expression (eqn (1))
derived under the assumption of the presence of itinerant
electrons in a parabolic band, the p-type behavior observed here
arises from vacancy-related, localized hole states associated
with Cr vacancies. Since these holes are strongly localized, the
concept of an effective mass is not strictly applicable. Accord-
ingly, the enhancement of the Seebeck coefficient is better
interpreted within the general Mott relation, which relates the
Seebeck coefficient to the energy dependence of the electronic
states near the Fermi level, rather than solely to the effective
mass. This framework captures the qualitative effect of oxygen
incorporation and vacancy stabilization on the electronic
structure and is consistent with the observed increase in the
Seebeck coefficient. Fig. 5(b) presents the R.T. resistivity as
Fig. 4 XANES spectra at the K-edge of CrN(O) films at fN2
= 2, 4, and 6

sccm.

This journal is © The Royal Society of Chemistry 2026
measured by the van der Pauw method. The resistivity increases
sharply from 8.40 × 10−4 U cm to a maximum of 1.58 × 10−2 U

cm in the fN2
range below 5 sccm, followed by a slight decrease

to 7.96 × 10−3 U cm for higher fN2
. The corresponding power

factor (PF ]S2s), as shown in Fig. 5(c), reaches the maximum
values of 0.105 mWm−1 K−2 in n-type CrN0.72O0.11 (fN2

= 2 sccm)
and 0.053 mW m−1 K−2 in p-type CrN0.93O0.27 (fN2

= 8 sccm).
These values are larger than those of some bulk CrN materials,
such as n-type bulk CrN with PF values of around 0.03 mWm−1

K−2 according to ref. 26 and 0.02 mW m−1 K−2 from ref. 11 at
R.T.; these values are a little bit lower than that of the reported
highest n-type CrN lms with a PF value of around 0.15 mW
m−1 K−2 at R.T.15 In addition, the PF value of the p-type
CrN0.93O0.27 lm at R.T. is comparable with that reported for
a p-type Cr0.96Al0.04N1.17 lm which had a PF of 0.05 mW m−1

K−2 26. To further assess the thermoelectric performance,
thermal conductivity measurements were performed on the
representative n-type (CrN0.72O0.11) and p-type (CrN0.93O0.18)
lms exhibiting high PF values. The n-type CrN(O) lm shows
a thermal conductivity of approximately 2.7 W m−1 K−1,
consistent with previously reported values for sputtered n-type
CrN thin lms.15 Upon oxygen incorporation and p-type
conversion, the thermal conductivity decreased to approxi-
mately 1.8 W m−1 K−1, suggesting enhanced phonon scattering
induced by oxygen-related defects and cation vacancies. Based
on the measured electrical and thermal transport properties,
the R.T. ZT value of a n-type CrN(O) lm is approximately 0.012,
comparable to most as-deposited CrN thin lms, though lower
than values reported for epitaxial CrN lms subjected to high-
temperature annealing.15,38 The R.T. ZT value of the p-type
lm was 0.006. To the best of our knowledge, the thermal
conductivity and ZT values for p-type CrN thin lms are re-
ported here for the rst time. This demonstrates that controlled
oxygen incorporation and the engineering of Cr vacancies can
effectively tune carrier type while maintaining competitive
thermoelectric performance.

To understand the conduction mechanisms in detail,
temperature-dependent resistivity, carrier concentration, and
Hall mobility were measured from 250 to 400 K in the repre-
sentative n-type CrN(O) (CrN0.72O0.11, fN2

= 2 sccm) and p-type
CrN(O) (CrN0.93O0.27, fN2

= 8 sccm) lms (Fig. S3(d–f)). Both
lms display a negative temperature coefficient of resistivity,
conrming semiconducting behavior. The Hall-effect
measurements reveal that, for the n-type CrN(O) lm, the
carrier concentration increased monotonically with tempera-
ture while the Hall mobility decreases gradually, indicating that
conduction is dominated by thermally activated free electrons
with mobility limited by lattice or impurity scattering. The large
amount of N vacancies in the lm results in a higher electron
concentration of 9.59 × 1022 cm−3 compared to that of a typical
stoichiometric CrN lm (order of 1020 cm−3), which may lead to
a reduction of the Seebeck coefficient larger than that of bulk
CrN as mentioned in eqn (1). In contrast, the p-type CrN(O) lm
exhibits nearly constant carrier concentration but increasing
Hall mobility with temperature, consistent with conduction
mediated by localized hole states formed near Cr vacancies and
through Cr–O hybridized orbitals. The temperature-dependent
J. Mater. Chem. A, 2026, 14, 14241–14250 | 14247
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Fig. 5 (a) Seebeck coefficient, (b) resistivity and (c) power factor of the CrN(O) films at various N2 gas flow rates, fN2, at R.T.
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increase in mobility can be attributed to hopping conduction of
these localized holes: as the temperature increases, thermal
energy facilitates the hopping between neighboring localized
states, enhancing mobility. The absolute mobility of these holes
is much lower, by approximately two orders of magnitude, than
that of the n-type electrons in CrN, reecting the difference
Fig. 6 (a) Carrier density and (b) mobility of the CrN(O) films deposited a
CrN; (d) CrN with one N vacancy site; (e) CrN with one N vacancy site a
substituted O atoms; the figures under the supercell are (010) planes ch
change of N atom as a function of the diffusion path.

14248 | J. Mater. Chem. A, 2026, 14, 14241–14250
between narrow-band, localized hopping transport and wide-
band, quasi-free electron conduction.

Further Hall-effect measurements at R.T. across the full fN2

range (2–10 sccm, Fig. 6(a and b)) reveal an evolution of carrier
type. Hall-effect measurements showed that lms at fN2

= 2–5
sccm exhibit n-type conduction, whereas those at fN2

> 5 sccm
exhibit p-type conduction. Notably, lms at fN2

= 4–5 sccm
t various N2 gas flow rates, fN2, at R.T. Relaxed 3 × 3 × 3 supercell of (c)
nd one substituted O atom; (f) CrN with one N vacancy site and two
osen from the supercell near the N vacancies. (g) The barrier energy

This journal is © The Royal Society of Chemistry 2026
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exhibit a p–n anomaly: the Seebeck coefficient is positive, while
Hall-effect measurements indicate n-type carriers. First-
principles calculations provide a microscopic explanation.
Alling et al. reported that CrN is paramagnetic with robust local
magnetic moments on Cr atoms.39 In the present study, rst-
principles calculations are employed to examine local struc-
tural relaxations around point defects. Since the calculations
are not intended to describe electronic band structures or
magnetic excitations, the focus on defect-induced lattice
distortions is expected to capture the essential structural trends
relevant to the experimental observations. In Fig. 6(c), we
present a 3 × 3 × 3 supercell of cubic CrN (Fm�3m). To explore
the nitrogen vacancy diffusion process in n-type CrN(O), we rst
introduced a nitrogen vacancy to create a path for nitrogen
diffusion, as depicted in Fig. 6(d). Subsequently, we placed one
or two oxygen atoms near the nitrogen vacancy, as shown in
Fig. 6(e and f). Each structure underwent full relaxation, and we
selected the (010) crystal plane for examination beneath the
supercell. Upon relaxation of the supercell with a nitrogen
vacancy (Fig. 6(d)), we observed that the Cr–Cr distance near the
vacancy (Cr1–Cr2) increased, reducing the energy barrier for
neighboring nitrogen atoms to diffuse into the vacancy
(Fig. 6(g)). When one oxygen atom (low oxygen content, corre-
sponding to fN2

z 3–5 sccm) was introduced near the nitrogen
vacancy, as depicted in Fig. 6(e), the higher bonding energy of
Cr–O caused the Cr atoms to be drawn towards the oxygen side,
resulting in longer and weaker Cr–Cr bonds. The elongation of
the Cr–Cr bonds soens the local lattice and lowers both the
formation and migration barriers for nitrogen vacancies.
Because nitrogen vacancies act as electron-donor defects in
CrN, the presence of more mobile and easily ionized nitrogen
vacancies increases the concentration of activated donor states,
resulting in a relatively higher n-type carrier density CrN(O) (fN2

z 4–5 sccm). However, the concomitant lattice distortion
signicantly reduces carrier mobility. In this regime, high-
mobility electrons dominate the Hall response, leading to n-
type Hall measurements, while the newly formed localized
hole states, which contribute strongly to the thermopower, yield
a positive Seebeck coefficient. At higher oxygen concentrations
(∼2 O atoms, fN2

> 5 sccm), the local formation of Cr–O bonds
result in slightly shortened nearby Cr–Cr distances and
suppression of long-range nitrogen-vacancy diffusion. At the
same time, the increased oxygen content shis the overall
stoichiometry toward (N + O) > Cr, making charge compensa-
tion through the formation of Cr vacancies energetically more
favorable than through nitrogen vacancies (Fig. 6(f)). This
stabilizes the localized hole states, resulting in p-type conduc-
tion for both Seebeck and Hall-effect measurements. EXAFS and
XANES corroborate this picture: Cr–Cr bond lengths increase
with oxygen incorporation, coordination numbers decrease,
and the Cr K-edge XANES pre-edge peak grows, conrming the
formation of localized unoccupied 3d states. Temperature-
dependent mobility trends further support the transport inter-
pretation: n-type lms are electron-dominated with mobility
decreasing at higher temperatures, while p-type lms exhibit
activation-dominated hole transport via localized states. The
correlation between microscopic defects, localized electronic
This journal is © The Royal Society of Chemistry 2026
states, and macroscopic transport properties illustrates that
careful tuning of fN2

(oxygen content) enables controlled carrier
type and optimized thermoelectric performance in CrN(O)
lms.

Conclusions

In conclusion, p-type CrN(O) lms have been successfully
developed by incorporating residual oxygen impurities during
RF magnetron sputtering through careful regulation of N2 gas
ow control. At low fN2

, the N/Cr atomic ratio was less than 1,
leading to N-decient CrN(O) lms in which nitrogen vacancies
dominate, resulting in n-type conduction. As fN2

is increased to
over 4 sccm, the N/Cr ratio approached unity, but oxygen
incorporation simultaneously occurred, producing over-
stoichiometric CrN(O) lms with a total (O + N)/Cr ratio
greater than 1. In these lms, Cr vacancies were generated and
stabilized, giving rise to p-type hole conduction. The optimal
compositions for thermoelectric performance were identied as
CrN0.72O0.11 for n-type and CrN0.93O0.27 for p-type lms, exhib-
iting the highest R.T. power factor values.

Structural and spectroscopic analyses revealed that both n-
and p-type lms possess similar NaCl-type cubic microstruc-
tures, with subtle variations in Cr–Cr bond lengths, local coor-
dination, and Cr3d–O/N2p hybridization, which underpin the
observed carrier type and transport properties. The coexistence
of these n- and p-type lms with comparable crystal structures
provides a promising platform for the formation of p–n
homojunctions, potentially enabling integrated thermoelectric
devices with improved compatibility and efficiency. These
ndings demonstrate a straightforward and controllable
strategy to achieve both n- and p-type CrN(O) lms, linking
defect engineering, oxygen incorporation, and carrier type
control, and open new avenues for nitride lm thermoelectric
applications.
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