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Epitaxial metal-semiconductor heterostructures with suitable Schottky barrier can lead to high thermoelectric
figure-of-merit (zT) due to selective filtering of low-energy electrons as well as reduced thermal conductivity
from phonon scattering at the interfaces. Lattice-matched vertical metal-semiconductor multilayer/superlattices
as well as metallic nanoparticles embedded inside semiconducting hosts have been studied intensively to explore
their thermoelectric properties. However, development of in-plane metal-semiconductor heterostructures and
exploration of their physical properties have remained elusive primarily due to the growth and fabrication
challenges. In-plane heterostructures are expected to be more suitable for planar integration and should exhibit
unique properties. In this work, we demonstrate an in-plane Cr2N-CrN metal-semiconductor heterostructure that
exhibits an improved thermoelectric power factor. The in-plane heterostructure is deposited by controlling the Cr-
flux during deposition that leads to an in-plane phase separation between the metallic-Cr2N and semiconducting
CrN grains. Temperature-dependent electrical transport exhibits an Arrhenius-type thermal activation behavior
with an activation energy of 70 meV, and an in-plane electrical conductivity that is about two orders of magnitude
higher than that of CrN. The Seebeck coefficient also remained moderately large at −150 μV/K at 700K leading
to a very large power factor of 2.1 mW/mK2 at 700 K.
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I. INTRODUCTION

Epitaxial metal-semiconductor superlattice heterostruc-
tures have attracted significant interest in recent years for their
potential applications in thermionic emission-based waste-
heat-to-electrical energy conversion [1–4], optical hyper-
bolic metamaterials [5–7], thermal hyperconductivity [8–10],
and hot-electron photocatalysis [11,12]. Most demonstra-
tions of metal-semiconductor heterostructure utilize vertical
multilayers/superlattices based on epitaxial lattice-matched
transition metal nitrides (TMN) such as TiN/(Al,Sc)N and
(Hf,Zr)N/ScN [13–15], and rare-earth semimetallic com-
pounds (ErAs, TbAs, etc.) embedded inside a III-V semi-
conducting matrix such as GaAs or InGaAs [16–18]. The
principal development objective of heterostructured metama-
terial utilizes the Schottky barrier at the metal-semiconductor
interfaces that filters out low-energy electrons resulting in
an enhancement of the Seebeck coefficient, which is essen-
tial for high-efficiency thermoelectric devices [19–21]. High
mobility and short carrier lifetimes in such nanocomposite
metamaterials are also used to develop commercial terahertz
sources, detectors, and modulators [22,23]. Similarly, inter-

*Authors to whom correspondence should be addressed:
bsaha@jncasr.ac.in; bivas.mat@gmail.com

faces in metal-semiconductor heterostructures are found to
scatter mid-to-long-wavelength phonons that reduce the ther-
mal conductivity necessary for thermoelectric applications
[24,25]. In terms of the optical properties, differences in the
signs of the dielectric permittivity of metallic and semicon-
ducting layers in metal-semiconductor heterostructure lead to
hyperbolic photonic dispersion for the transverse magnetic
(TM) wave, which could be utilized to achieve subwavelength
imaging, engineering the photonic densities of states for quan-
tum electronic applications, as well as to demonstrate exotic
thermal transport properties such as thermal hyperconductiv-
ity [5,8,26].

While vertical metal-semiconductor multilay-
ers/superlattices have been developed over the last several
years and are currently researched to harness their properties
into practical applications, the development of in-plane
metal-semiconductor heterostructure has remained elusive
primarily due to the growth challenges. Traditional ultrahigh
vacuum growth techniques such as molecular beam epitaxy,
magnetron sputtering or chemical vapor deposition, etc. do
not provide means to deposit in-plane heterostructure unless
the spontaneous decomposition of the deposited materials
takes place during the growth process at elevated temperature.
Since most of the TMN semiconductors utilized in
heterostructure development (e.g. ScN, rocksalt-AlxSc1−xN)
exhibit the stable rocksalt phase [6,26] both at ambient and
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elevated growth temperature (∼900 °C), the development
of in-plane heterostructure by means of phase separation
has proven difficult. Template growth techniques that utilize
porous anodic alumina have been utilized for the growth of
oriented nanowires of thermoelectric materials like Bi2Te3

and SiGe [27–29]. However, those are not helpful for the
TMN depositions due to the requirement of high growth
temperature in excess of 700 °C.

Recently, an in-plane two-dimensional (2D) heterostruc-
ture comprising WSe2-WS2 was realized in which differ-
ent 2D atomic panels are combined in a single atomic
layer for applications as a p-n junction with large rec-
tification, high-mobility field-effect transistor, photovoltaic
device, and complementary metal-oxide-semiconductor in-
verter with large current [30–32]. Similarly, a large light
emission efficiency in the in-plane WS2-MoS2 heterostruc-
ture, a high photo-detectivity of 1013 Jones, and a short
response time of sub-100 μs have been observed in the in-
plane graphene-thin amorphous carbon heterostructure for the
applications in electronic circuits and devices [33,34]. Theo-
retical and experimental efforts are also underway to design
2D in-plane metal-semiconductor heterojunctions comprising
1T-MoS2/2H-MoS2 that should work at the Mott-Schottky
limits of metal-semiconductor junctions as their band align-
ments are insensitive to the interface conditions [35,36]. Apart
from the relative ease in the transport measurements, in-plane
heterostructure also offers seamless planar integration, which
should be useful for their industrial applications.

CrN is a commercial-scale hard coating material that
is used for abrasion/wear-resistant drill bits, cutting tools,
medical implants, silver-luster decorative coating, and other
tribology applications due to its corrosion-resistant high
hardness and high-temperature stability [37–41]. In recent
years, CrN has also attracted significant interest due to its
unusual and unique first-order metal-insulator phase transi-
tion at ∼260–280 K that is accompanied by both structural
(orthorhombic-to-rocksalt) and magnetic (antiferromagnetic-
to-paramagnetic) phase transitions, which makes it a potential
material for data storage, memory device, and magnetic and
electrical switches [42–45]. In addition, CrN exhibits a high
thermoelectric power factor (∼ 2 mW/m-K2) due to its low
bandgap (∼ 0.7 eV), large electron-effective mass and suitable
carrier concentrations in the 1019–1020 cm–3 range [46–50].
Along with the room temperature rocksalt crystal structure,
nitrides of Cr exhibit a secondary hexagonal Cr2N phase
that is metallic in nature. Cr2N can be obtained in the thin
film growth process when deposited with a large metallic Cr
flux. Previous research has demonstrated that Cr2N films are
stable in ambient and at elevated temperatures (∼ 400 °C)
with a hardness of 18.9 GPa and an elastic modulus of 265
GPa [51]. A room temperature electrical resistivity of 70 ±
7 μ� cm and carrier concentration of 8 × 1022 cm–3 was
reported in Cr2N that highlights its excellent metallic prop-
erties. Moreover, due to the near-equal negative formation
enthalpy [52,53], nitridation of chromium (Cr) at elevated
temperature results in the formation of secondary Cr2N phase
in CrN, which could be suitable for in-plane heterostructure
growth.

In this work, natural phase separation in chromium
nitride is utilized to develop an in-plane Cr2N-CrN metal-

semiconductor heterostructure with sharp interfaces. The
composition and size of the metal-semiconductor grains
are controlled by carefully tuning the Cr flux during the
magnetron sputtering deposition. Compared to the phase
pure CrN, the electrical resistivity in the in-plane het-
erostructure reduces by about two orders of magnitude
while maintaining a moderately high Seebeck coefficient
due to the Schottky barrier-mediated electron conduction at
the metal-semiconductor interface. A high power factor of
2.1 mW/mK2 is achieved at 780 K in the heterostructure,
which is 56% higher compared to phase pure CrN. Combined
with the high power factor, and moderate thermal conductiv-
ity, an improved thermoelectric performance is achieved in the
heterostructure.

II. EXPERIMENTAL METHODS

Sample growth: Phase-pure rocksalt CrN thin film and in-
plane Cr2N-CrN heterostructures are deposited by carefully
controlling the Cr-flux during magnetron sputtering deposi-
tion inside an ultrahigh vacuum chamber at a base pressure of
2 × 10–9 Torr. The detailed growth technique can be found in
our previous article [54].

Seebeck coefficient and electrical resistivity measurement:
Temperature dependent Seebeck coefficient and electrical
resistivity of the films were measured inside the helium atmo-
sphere using a Linseis LSR-3 system equipped with IR heater.
The samples were mounted in vertical geometry between the
two Platinum electrodes and a temperature gradient of 50 K
was applied at one end of the sample using a local heater to
measure the Seebeck coefficient value in differential method
[Fig. 1(c)].

TEM, TKD, and TDTR analysis: The microstructure of the
films is characterized with transmission Kikuchi diffraction
(TKD) and high-resolution (scanning) transmission electron
microscopy [HR(S)/TEM] and energy-dispersive x-ray spec-
troscopy (EDS). The HRSTEM images and EDS maps were
recorded with an image- and probe-corrected and monochro-
mated FEI Themis-Z 60–300 microscope equipped with a
high-brightness XFEG source and Super-X EDS detector sys-
tem for ultra-high-count rates, operated at 300 kV.

TKD was performed on a Thermofisher Helios Hydra PFIB
using an Oxford Symmetry EBSD detector. Maps were col-
lected at 30 kV with approximately 3.2 nA beam current.
A collection speed of 12 ms per point was used and a step
size of 10 nm. A pre-tilted holder was used with a tilt angle
of −20 °, the stage was forward-tilted to 20 ° to provide an
incident beam perpendicular to the sample.

Thermal conductivity measurement: Cross-plane thermal
conductivity of the films was measured with time-domain
thermoreflectance (TDTR) technique [55–59] [Fig. 1(d)].
Samples were measured in a cryostat under a high vacuum
(Janis VPF-700ST) from the 300–700 K temperature range.
Aluminum (Al) transducer with a thickness of 95 nm was
deposited on the samples using DC magnetron sputtering,
with the thickness being determined in situ during TDTR us-
ing picosecond acoustic reflection from the Al/film interface.
A detailed description of these methods is presented in the
Supplementary Material (SM) section [60].
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FIG. 1. Schematic diagram of (a) in-plane distribution of Cr2N and CrN grains in the heterostructure, and (b) side view of the Cr2N-CrN
heterostructure and phase-pure CrN deposited on MgO (002) substrate showing the cross-plane (along z direction ) and in-plane (along
xy-plane) properties measurement directions. Schematic of the (c) in-plane Seebeck voltage and electrical resistivity measurement setup in
Linseis LSR-3 system, and (d) Cross-plane thermal conductivity measurement with TDTR.

III. RESULTS AND DISCUSSION

Band contrast TKD characterization reveals that at low
Cr-flux rates during the deposition (growth rate of 1 nm/min),
phase-pure, single-crystalline rocksalt semiconducting CrN is
obtained. On the other hand, at a high Cr-flux (with a growth
rate of 4.16 nm/min), Cr2N-CrN in-plane heterostructure with
interconnected metallic Cr2N networks is formed (Fig. S1),
which results in metal-like in-plane transport properties. On
average, the metallic Cr2N grains occupy 56% of the volume
in the heterostructure. At an intermediate Cr flux, resulting
in a growth rate 1.83 nm/min, a mixed-phase Cr2N-CrN in-
plane heterostructure is obtained, where the 100–150 nm wide
metallic Cr2N grains are spatially separated by larger semi-
conducting CrN grains (400–500 nm) and thereby forming an
in-plane metal-semiconductor heterostructure [see Fig. 2(a)].
The rocksalt CrN grains grow heteroepitaxially on the (001)
MgO substrate due to its close match in lattice parameter
and identical crystal structure and extend all the way to the
surface of the film, while the Cr2N grains mostly appear V
shaped. The Cr2N-CrN interface appears abrupt and distinct
with a Cr2N volume fraction of ∼ 17% in the heterostructure.
Though CrN has a lower mass density compared to the Cr2N,
higher brightness, and diffraction intensity is an indication
of its better crystalline quality and satisfaction of diffraction
conditions. The Euler color maps [see Fig. 2(b)] verify the
high-quality CrN growth on MgO substrates with identical
phase and orientations due to the cubic heteroepitaxy. Pole fig-

ure images [see Fig. 2(c)] for the rocksalt {100} set of planes
show that the rocksalt phase grows with the [001] (001) CrN
|| [001] (001) MgO epitaxial relationship on MgO substrates
(with an ∼ 6 ° offset in Fig. 2(c) appearing due to tilt in the
sample preparation). Similarly, the pole figure for the {112̄0}
set of planes for the hexagonal Cr2N phase shows that most
of the Cr2N grains are not aligned parallel to the c axis of the
MgO, but they have multiple orientations. Four orientations
are found predominantly, which are oriented approximately
55 ° away from the Z axis in four different quadrants.

While the TKD analysis establishes the in-plane nature
of the heterostructure, HR(S)/TEM analysis is performed
to understand the microstructure at the atomic level and to
visualize the spatial distribution of different constituent ele-
ments of the heterostructure. Low-magnification high-angle
annular dark field- scanning transmission electron microscopy
(HAADF-STEM) image [see Fig. 3(a)] shows the CrN grains
separated by V-shaped metallic Cr2N grains. Directly at
the substrate/film interface, small pyramidal CrN grains are
apparent with bright contrast due to strong diffraction condi-
tions. Both the CrN and Cr2N grains reach the top surface
of the film. STEM-EDS maps of different elements [see
Figs. 3(b)–3(e)] clearly show the higher Cr concentration in
the Cr2N grains with respect to the stoichiometric 1:1 Cr to
N ratio in CrN regions. The boundaries between the Cr2N
and CrN appear atomically sharp [Fig. 3(f)], highlighting the
excellent in-plane structural quality of the heterostructure.
The corresponding electron diffraction pattern, shown in the
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FIG. 2. (a) Band contrast TKD image of the Cr2N-CrN in-plane
metal-semiconductor heterostructure is presented. The CrN grains
appear much brighter and larger. The CrN grains are separated by
hexagonal Cr2N along the in-plane direction forming the in-plane
heterostructure. (b) Euler color map corresponding to (a), which
shows that CrN exhibits the same rocksalt crystal structure and (001)
orientation as that of the substrate MgO. Hexagonal Cr2N grains are
not aligned parallel to the c axis of rocksalt CrN, as is shown by the
pole figures for (c) rocksalt {001} set of planes and (d) hexagonal
{112̄0} set of planes.

inset, shows the bright and intense cubic diffraction spots
along with weak spots of the hexagonal Cr2N phase in the out
of zone axis. The substrate/film interface appears atomically
sharp without interdiffusion of atoms to-and-from the MgO
substrate [Fig. 3(g)]. Due to ∼ 1.6% lattice mismatch between
the CrN and MgO substrate, a misfit dislocation is visible at
the interface.

Thermoelectric transport properties of the phase-pure
semiconducting CrN and the in-plane Cr2N-CrN metal-
semiconductor metamaterial along the in-plane direction
(Fig. 1 schematic demonstrating the film growth direction and
measurement direction of transport properties) is measured in
the 300–1000 K temperature range. Resistivity (ρ) of the CrN
film is found to decrease with an increase in temperature and
exhibits an Arrhenius-type thermal activation due to electron
transitions from the valence band to the conduction band at
high temperature. At room temperature (300 K), the resistivity
of CrN is found to be ∼138 m� cm, which decreases with
the rise in temperature and eventually saturates at 2.5 m� cm
around 800 K, after the onset of the thermal activation. There-
fore, compared to the room temperature value, the resistivity
decreases by about two orders of magnitude in pure CrN films,

which highlights its excellent semiconducting nature. From
the Arrhenius plot (lnρ vs 1/T, see Fig. S6 in the SM [60]) an
activation energy of 0.29 eV is determined, which results in
an energy gap of 0.58 eV. The measured gap is close to the
reported bandgap value of CrN measured with the absorption
spectroscopy [50].

Contrary to the phase-pure CrN, the Cr2N-CrN metal-
semiconductor heterostructure exhibits about two orders of
magnitude lower resistivity [see Fig. 4(a)]. From 300 to 500
K, the resistivity increases from 1.27 to 1.42 m� cm, which
is reminiscent of metalliclike conduction. However, after 500
K, resistivity shows a sharp decrease and exhibits a value of ∼
0.96 m� cm at ∼ 800 K indicating an activation behavior after
500 K. From the Arrhenius-plot (Fig. S6 in the SM [60]) in the
500–800 K region, a barrier height of 70 meV is extracted.
The nature of the in-plane resistivity behavior of the het-
erostructure could be explained by invoking the band structure
of the Cr2N-CrN metal-semiconductor heterostructure, where
a Schottky barrier exists between the metallic Cr2N and semi-
conducting CrN along the in-plane direction. The measured
barrier height represents an averaged Schottky barrier height
from all metal-semiconductor interfaces along the in-plane
direction (see schematic in Fig. 5). Though the exact origin
of the metal-like conductivity at low temperature (< 500K)
remains to be determined, we presume that, at low tempera-
ture, electrons do not possess sufficient energy to overcome
the Schottky barrier at the interface. However, above 500
K, electrons gain sufficient energy to undergo thermionic
emission and/or thermionic field emission that dominates the
conduction behavior. The detailed band alignment mechanism
[61,62] at the Cr2N-CrN interface needs further experiments
and is beyond the scope of the present study and hence, will
be presented subsequently.

The temperature dependent Seebeck coefficient results
support the electron transport mechanism in both materials.
For phase pure CrN, since the resistivity is large, the over-
all Seebeck coefficient is also very high [Fig. 4(b)]. With
the increase in temperature from 300 to 600 K, the Seebeck
coefficient initially increases monotonically from −94 μV/K
to −303 μV/K. However, on further increase of temperature,
the Seebeck coefficient starts to decrease and the overall tem-
perature dependent Seebeck coefficient exhibits a V-shaped
curve. Such a V-shaped nature of the Seebeck coefficient is
a well-established representation of the thermal activation of
carriers in materials [63,64]. Since a large number of carriers
participate in the conduction within the thermally activated
regime, the Seebeck coefficient decreases at elevated temper-
atures, which can be also seen from the Mott equation [see
Eq. (1)]:

S = 8π2k2
BT

3eh2
m∗

s

( π

3n

)2/3
, (1)

where S is the Seebeck coefficient, n is the carrier concen-
tration, m∗

s is the carrier effective mass, kB is the Boltzmann
constant, and e is the charge of an electron. The manifestation
of such thermal activation behavior of carriers, however, is
quite stark in semiconducting CrN that highlights not only its
superior material quality but also its electronic bandgap with
limited defects concentration.
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FIG. 3. (a) Low-magnification HAADF-STEM micrograph of the Cr2N-CrN in-plane heterostructure is presented. At low magnifications,
the regions with dark contracts are found to be rocksalt CrN and are separated by bright contrast Cr2N regions. The corresponding combined
STEM-EDS elemental map (b) and individual N map (c) highlight the distinct CrN and Cr2N grains. (d) A vertical Cr2N region is presented
along with the Cr and N elemental STEM-EDS map in (e). (f) High-resolution HAADF-STEM image showing atomically sharp and abrupt
CrN-Cr2N interface. Electron diffraction pattern (inset) of the heterostructure shows weak diffraction spots of hexagonal Cr2N (not in zone
axis) along with dominant diffraction peaks of cubic CrN (g) Atomic resolution HAADF-STEM image of CrN/MgO interface demonstrates
the cubic heteroepitaxial quality of growth. A misfit dislocation is visible due to the slight lattice mismatch.

The Seebeck coefficient of the Cr2N-CrN metal-
semiconductor heterostructure mirrors the nature of
phase-pure CrN albeit much less pronouncement [Fig. 4(b)].

The values of the Seebeck coefficient of the heterostructure
are much lower as compared to the phase-pure CrN. At room
temperature (300 K), the in-plane Cr2N-CrN heterostructure

FIG. 4. (a) Temperature-dependent electrical resistivity of the phase-pure CrN and in-plane Cr2N-CrN metal-semiconductor heterostruc-
ture is presented. Phase-pure CrN exhibits a clear Arrhenius-type thermal activation representative of its semiconducting nature. The in-plane
Cr2N-CrN heterostructure exhibits a barrier height of ∼ 70 meV with carrier transport determined by thermionic emission and/or thermionic
field emission processes. (b) Seebeck coefficient of CrN exhibits a V-shaped curve that is representative of its thermal-activation nature.
The Cr2N-CrN heterostructure shows an overall smaller Seebeck coefficient with a maximum at ∼ 600–650 K. (c) The in-plane Cr2N-CrN
metal-semiconductor heterostructure exhibits an overall higher thermoelectric power factor compared to CrN due to its lower resistivity and
suitable Seebeck coefficient.
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FIG. 5. (a) Schematic of electron conduction from hot-end to cold-end through the series of metal-semiconductor interfaces. Electrons
from the hot end absorb thermal energy to cross the barrier at the metal-semiconductor interfaces and conduct through the heterostructure.
(b) Schematic of Schottky barrier and different electron transport mechanisms across a single Cr2N-CrN metal-semiconductor interface
is presented. At high temperature (>500 K), electrons gain sufficient thermal energy to cross the Schottky barrier (70 meV) by means
of thermionic emission and/or thermionic field emission. (c) Schematic of scattering of phonons in in-plane direction at the Cr2N-CrN
metal-semiconductor interface.

exhibits a Seebeck coefficient of −27 μV/K, which is about
3.5 times smaller than the Seebeck coefficient of phase-pure
CrN. The Seebeck coefficient increases slowly from 300 –to
500 K and faster after 500 K. The Seebeck coefficient nearly
saturates around 680 K and then starts to decrease slightly at
higher temperatures. Such behavior of the Seebeck coefficient
is expected since the electrical resistivity never quite saturates
within the measured temperature range. This observation,
therefore, indicates that though the thermionic emission is
quite prevalent in the Cr2N-CrN heterostructure, a large
number of carriers also undergo thermionic field emission
whereby activated carriers can tunnel through the Schottky
barrier at high temperature. Since semiconducting CrN
exhibits a carrier concentration of 1.2 × 1019 cm–3 at room
temperature, the depletion width at the metal-semiconductor
interface is expected to be rather moderate, which could
facilitate the observed thermionic field emission process,
which is also the case for a similar material scandium
nitride (ScN) with carrier concentration >1019 cm−3 [4].
Nevertheless, the in-plane Cr2N-CrN metal-semiconductor
heterostructure exhibits a high Seebeck coefficient of ∼ −150
μV/K, which is smaller than that of phase-pure CrN but
significantly higher than the Seebeck coefficient of metallic
Cr2N [65] (see SM for thermoelectric properties of Cr2N
[60]). The Seebeck coefficient value of the heterostructure is
well suited for achieving a high thermoelectric power factor

and is comparable to the Seebeck coefficient of well-known
thermoelectric materials such as ScN and Bi2Te3 [66,67].

The temperature-dependent thermoelectric power factor
( S2

ρ
) [Fig. 4(c)] is calculated from the electrical resistivity

and Seebeck coefficient. At low temperature, the power factor
of phase-pure CrN is relatively low but above ∼ 500 K the
power factor value increases significantly with the increase in
temperature and saturates to ∼1.6 mW/mK2 in the 850–900
K temperature range, which is comparable to the previous
reports of maximum power factor in CrN [47,65,68]. With the
onset of thermal activation behavior, the electrical resistivity
is reduced drastically while a moderate Seebeck coefficient is
maintained. As a result the power factor increases in the high
temperature regime.

However, due to the two orders of magnitude lower
resistivity and suitable Seebeck coefficients, the in-plane
Cr2N-CrN metal-semiconductor heterostructure exhibits a
much higher power factor as compared to pure CrN over
the entire measured temperature range. At ∼ 780 K, a
maximum power factor of ∼2.1 mW/mK2 is obtained for
Cr2N-CrN heterostructure, which amounts to ∼ 25% increase
with respect to phase-pure CrN. Such an improvement in the
thermoelectric power factor is due to the drastic reduction
in resistivity and formation of in-plane metal-semiconductor
heterostructure, and the effect of Schottky barrier controlled
carrier transport, which maintains a moderate Seebeck coeffi-
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TABLE I. Thermoelectric power factor of well-known thermo-
electric material in the similar temperature range.

Power factor
Material Temperature (K) (mW/mK2)

YbCd2−xZnxSb2 [71] 700 1.92
YbCd2−xMgxSb2 [72] 650 1.68
Eu(Zn1−xCdx )2Sb2 [73] 650 2.25
TiNiSn [74] 775 2.4
ScN [67] 550–600 2.3
TiFe0.15Co0.85Sb [75] 850 2.2
Mg3Sb2(Mn, Bi, Te) [76] 700 2
Hf0.44Zr0.44Ti0.12CoSb0.8Sn0.2 [77] 973 2.8

cient value. The measured power factor is comparable to the
well-known nitride thermoelectric material ScN in the same
temperature range. It also compares well with other well-
established thermoelectric materials such as Bi2Te3, La3Te4

and undoped crystalline SiGe, etc. [66,69,70] (see Table I).
While the in-plane Cr2N-CrN heterostructure exhibits a

higher thermoelectric power factor compared to CrN, knowl-
edge about the temperature-dependent thermal conductivity is
necessary to determine its thermoelectric Figure-of-merit (zT)
and to realize the full potential for waste-heat recovery appli-
cations. A time domain thermoreflectance technique with ∼
95 nm Al transducer is used to measure the thermal conductiv-
ity of the phase-pure CrN and the Cr2N-CrN heterostructure
along the cross-plane direction. Since CrN is homogeneous
and isotropic, the cross-plane thermal conduction should re-
semble the heat flow along the in-plane direction. However,
for the in-plane heterostructure, the cross-plane and in-plane
thermal conduction are expected to be different since the inter-

faces are located along the in-plane direction predominantly.
Unfortunately, the measurement of the in-plane thermal con-
ductivity in heterostructures is extraordinarily challenging due
to the high thermal conductivity of the MgO substrate (∼
42 W/mK) that draws heat down into the substrate prevent-
ing in-plane heat spreading in the film. Therefore, we rely
on the cross-plane thermal conductivity of the CrN and the
heterostructure to determine their potential for thermoelectric
applications.

TDTR measurement shows [see Fig. 6(a)] that the thermal
conductivity of the phase-pure CrN thin film increases with
an increase in temperature from 300 to 700 K. At room-
temperature (300 K), CrN exhibits a thermal conductivity
of 3.42 W/mK, while at 700 K, the thermal conductivity is
measured to be 4.69 W/mK, which amounts to about 37%
increment. Since the electrical resistivity of CrN is quite high,
the electronic contribution to the total thermal conductiv-
ity, determined by the Wiedemann-Franz law with in-plane
electrical conductivity, as presented in Fig. 6(a), is quite
small. Therefore, the increase in the thermal conductivity in
CrN results almost entirely from lattice or phonon contri-
butions. The increase in the lattice thermal conductivity as
a function of temperature is quite anomalous given that in
normal materials thermal conductivity at higher temperatures
should decrease due to Umklapp scattering. For CrN, how-
ever, such enhancement of the thermal conductivity could
be due to the anomalous phonon lifetime shortening in the
high-temperature paramagnetic phase that is caused by spin-
lattice coupling as described in a few recent theoretical and
experimental studies [78,79]. Similar to CrN, the Cr2N-CrN
metal-semiconductor heterostructure exhibits an increase in
cross-plane thermal conductivity with an increase in temper-
ature. Since 87% of the heterostructure is composed of CrN,
such an increase in the thermal conductivity is consistent with

FIG. 6. (a) Cross-plane total thermal conductivity and electron contribution to the thermal conductivity of pure CrN and Cr2N-CrN in-plane
heterostructure. Contrary to the general behavior, the thermal conductivity of both pure CrN and Cr2N-CrN in-plane heterostructure increases
with temperature. (b) the thermoelectric Figure-of-merit (zT) of pure CrN is presented. At 700 K, CrN shows a maximum zT of 0.13.
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pure CrN results. However, unlike CrN, the thermal conduc-
tivity is found to be a bit higher with a room temperature
value of 6.64 W/mK which rises to 7.80 at W/mK at 700 K.
Since the metallic Cr2N exhibits a room temperature thermal
conductivity of 12.0 ± 1.8 W/m K [65], the measured room-
temperature thermal conductivity of 6.7 W/mK is close to the
volume-averaged mean value of the constituent materials.

With the knowledge of the power factor and thermal con-
ductivity, the thermoelectric Figure-of-merit (zT) is calculated
as a function of temperature. For the phase-pure CrN, zT
increases with an increase in temperature and exhibits a max-
imum measured value of 0.13 at 700 K. Though the power
factor of pure CrN saturates at the highest value around ∼
850 K, zT is reported only until 700 K due to the thermal
conductivity measurement constraints at higher temperatures.
Unlike CrN, determination of exact zT value for Cr2N-CrN
is not possible due to the anisotropy in the transport prop-
erties along the cross-plane and in-plane direction of the
heterostructure. However, to have an idea about zT value
of the heterostructure, we estimated the zT value assuming
two possible scenarios (see SM for zT estimation of the het-
erostructure [60]).

IV. CONCLUSION

In conclusion, the growth of an epitaxial in-plane
Cr2N-CrN metal-semiconductor heterostructure is demon-
strated which exhibits a higher thermoelectric power factor
compared to both phase-pure rocksalt CrN and phase-pure
metallic Cr2N. The in-plane heterostructure is deposited
on (001) MgO substrates by utilizing near equal negative
formation enthalpy of nitridation for chromium (Cr) at el-

evated temperature, which results in the formation of a
secondary hexagonal metallic Cr2N phase in the semicon-
ducting CrN matrix. The current transport along the in-plane
direction is controlled by Schottky barrier heights at the metal-
semiconductor interfaces exhibiting a barrier height of 70
meV. Due to the barrier controlled transport, electrical resis-
tivity ranging between 1.0 and 1.4 m� cm and a Seebeck
coefficient of ∼-150 μV/K is achieved that leads to a high
thermoelectric power factor of 2.1 mW/mK2 at 780 K in the
heterostructure. A TDTR method is used to determine the
thermal conductivity of CrN and that of the heterostructure
to estimate zT. These results mark a demonstration of an
inorganic in-plane metal-semiconductor heterostructure and
its improved thermoelectric properties.
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