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The integration of ferroelectrics with semiconductors is crucial for developing functional devices, such as field-
effect transistors, tunnel junctions, and nonvolatile memories. However, the synthesis of high-quality single-
crystalline ferroelectric nitride perovskites has been limited, hindering a comprehensive understanding of their
switching dynamics. Here we report the synthesis and characterizations of epitaxial single-phase ferroelectric
cerium tantalum nitride (CeTaNs) on both oxides and semiconductors. The polar symmetry of CeTaN; was con-
firmed by observing the atomic displacement of central ions relative to the center of the TaN, octahedra, as well
as through optical second harmonic generation. We observed switchable ferroelectric domains using piezore-
sponse force microscopy, complemented by the characterization of square-like polarization-electric field hyster-
esis loops. The remanent polarization of CeTaN; reaches approximately 20 microcoulomb per square centimeter
at room temperature, consistent with theoretical calculations. This work establishes a vital link between ferroelec-
tric nitride perovskites and their practical applications, paving the way for next-generation information and en-

ergy storage devices.

INTRODUCTION

Integration with silicon is pivotal for the practical implementation
of ferroelectrics (1-5). This integration offers dual benefits: First, it
allows for the amalgamation of polarized state switching with the
well-understood electrical characteristics of silicon, including high
mobility, tunable carrier density, and chemical stability (6, 7). These
hybrid structures unlock enhanced functionalities beyond what sili-
con alone can achieve. Second, this integration is compatible with
complementary metal-oxide semiconductor technology, enabling
the utilization of existing infrastructure, cost reduction, and accel-
eration of device and technology developments (8, 9). Presently, the
integration of ferroelectric functionalities in close proximity to sili-
con relies on perovskite and binary oxides (10-13). There is a com-
pelling need to explore other inorganic oxygen-free ferroelectric
materials that exhibit comparable ferroelectric properties.

In contrast to perovskite oxides, there have been relatively few re-
ports on nitride perovskites. As shown in Fig. 1A, ThTaN; was the
first theoretically predicted and experimentally discovered nitride
perovskites, dating back to 1995 (14). ThTaN3; powder was synthe-
sized by reacting oxide precursors under a nitrogen-rich environment
at high temperatures ranging from 1100° to 1500°C. Following this
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pioneering work, there was a hiatus in the exploration of nitride
perovskites due to synthesis challenges and the lack of remarkable
physical properties in the initial precursor. Recently, many theoretical
groups have revisited nitride perovskites and predicted that several of
these materials may exhibit excellent ferroelectric and piezoelectric
properties (15-18). For instance, Sarmiento-Pérez et al. (15) used
high-throughput calculations to predict numerous thermodynami-
cally stable and experimentally accessible nitride perovskites. Among
these, lanthanum tungsten nitride (LaWN3) was identified as a poten-
tial ferroelectric semiconductor with a distorted perovskite structure
in its ground state. An experimental study by Talley et al. (19) re-
ported that LaWNj polycrystalline thin films exhibit a polar structure
and piezoelectric response comparable to oxides. Shortly thereafter, a
group of nitride perovskites (CeMoN3;, CeWN3, and etc.) was theo-
retically predicted and experimentally achieved; in particular, CeTaN;
was firstly predicted by Ha et al. (20, 21). They used magnetron sput-
tering and N, annealing process to fabricate phase-pure Ce-based
nitride perovskites that exhibit interesting optoelectronic responses
and low-temperature magnetic behaviors. This pioneer work initiated
research on nitride perovskites, making them a material system as im-
portant as perovskite oxides and other functional materials.

The field of functional nitride perovskites research remains large-
ly uncharted, and the recent experimental breakthrough challenges
the focus on superior piezoelectric properties solely within oxides,
sparking increased interest in nitride materials with a perovskite
structure. The simplistic framework of the perovskite crystal struc-
ture enables the possibility of epitaxial growth of nitride perovskites
on conventional oxide substrates, with (pseudo-)cubic lattice con-
stants ranging from 3.8 to 4.2 A (22). An even more exciting aspect
is that the experience in the oxide interface engineering can be read-
ily applied to the research of nitride perovskites. Simultaneously, the
industry has developed mature techniques for integrating perovskite
or binary oxides with silicon substrates, offering an opportunity to
integrate nitride perovskites as well. This integration could have a
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Fig. 1. Theoretically predicted stable nitride perovskites. (A) Theoretical and experimental biography of nitride perovskites (ABNs) from the first discovery of ThTaN3
to this work. (B) The total and projected density of states (PDOS) of CeTaNj; calculated using DFT. The conduction bands are mainly occupied by Ce 4f electrons, whereas
the valence bands are dominated by N 2p electrons. (C) The free energy of strained CeTaNj3 thin films as a function of calculated ferroelectric polarization. The valley trend
confirms that the CeTaNj5 thin films can be stabilized in a ferroelectric polar structure. (D) Comparison of formation energies of (001)- and (011)-oriented CeTaN3 with dif-

ferent film thicknesses.

profound impact on both fundamental research and applied tech-
nologies in the future.

While the initial demonstration of polar nitride perovskites
showcases a piezoelectric character suitable for capacitors and ac-
tuators, its micrometer thickness and polycrystalline nature now
restrict broader applications in ferroelectric devices (19, 23). Ideally,
the high-quality single-crystalline thin films are preferred. The in-
fluence of grain boundaries is largely removed, resulting in the re-
duced leakage current and fast-switching dynamics (24, 25). Still,
there are limited attempts for exploring the single-crystalline nitride
perovskites thin films due to the difficulty in the synthesis. To fabri-
cate the high-quality and correct stoichiometric nitride perovskites
with negligible defects remains highly challenging, not to mention
the integration with a wide range of oxide and semiconductor
substrates.

In this study, we synthesized the single-crystalline thin films of
cerium tantalum nitride (CeTaN3). Multiple techniques and electri-
cal measurements were used to confirm the polar structural sym-
metry and ferroelectric nature of CeTaNs. At room temperature, its
remnant polarization was found to be comparable to that of hafni-
um zirconium oxide and barium titanate, in good agreement with
our first-principles calculations. The successful integration of high-
quality perovskite nitride thin films on both oxide and semiconduc-
tor substrates underscores the potential of the broader nitride
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perovskites family. With its superior functionalities, this family
emerges as a promising counterpart to the well-studied oxide, ha-
lide, and chalcogenide perovskites (26-28).

RESULTS

Growth of high-quality single-phase CeTaN; thin films

The main challenge in stabilizing nitride perovskites is compensat-
ing for the three nitrogen ions (N*7) to achieve a collective anion
valence of —9, which must match the collective cation valence of
A* and B> (or A>* and B®") in the composition of ABN;. Earlier
work by Ha et al. (20) computationally screened all possible nitride
perovskites through comprehensive ab initio calculations, theoreti-
cally predicting CeTaNj as a stable semiconductor. Thus, we started
from performing the first-principles calculations based on density
functional theory (DFT) to compute the density of states (DOS)
(Fig. 1B) and the minimized energy of its polar structure (Fig. 1C).
The detailed band structure is provided in fig. S1. The band struc-
tures indicate that CeTaN3 is a semiconductor with indirect band-
gap of 1.06 eV. We observed that the top of the valence band mainly
arises from the orbital hybridization of Ce fand N p orbitals, while
the Ce f orbitals also contribute to the bottom of the conduction
band. With suitable substrate selection or cation doping, the band-
gap of CeTaN; can be tuned by altering its phase and symmetry
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(20). Its relatively small bandgap allows absorption in the infrared
and visible spectral range, making it a promising candidate for opto-
electronic applications. Using DFT calculations, we further explored
the evolution of the bandgap in CeTaNj; as a function of biaxial
strain (figs. S2 and S3). With increasing compressive strain, the
bandgap widens due to the upward shift of the conduction band. To
predict the possible ferroelectric structures of CeTaN3, we had per-
formed calculations for all space groups that meet the requirements
of point group 4mm (based on the follow-up experimental results),
and only P4mm was found to be stable. We investigated the energy
stability of CeTaNj films with both centrosymmetric nonpolar
structures (P4/mmm phase) and polar structures (P4mm phase).
The polar and nonpolar structures are depicted in Fig. 1C. The fer-
roelectricity of tetragonal CeTaN; was demonstrated along the fer-
roelectric switching path from the nonpolar phase to the polar
phase. We present the calculated double well energy profiles as a
function of calculated polarization, with energy barriers of ~0.9 eV/
formula unit, yielding to a large remnant polarization of ~26.6 pC/
cm? The calculation results indicate that the ferroelectricity in
CeTaNj is driven by the orbital hybridization of A-site cations and
p orbitals of anions. This result is consistent with ferroelectrics that
have lone pair electrons, such as PbTiO3 and BiFeOs3, although
CeTaNj3 does not have lone pair electrons. Similar hybridization is
also observed in other ferroelectric nitride perovskites (14-18), which
contrasts with ferroelectric perovskite oxides without lone pair elec-
trons, where ferroelectricity originates from the hybridization of d
orbitals of cations and p orbitals of oxygen ions. We calculated the
formation energies, cleavage energies, and surface energies of bulk
CeTaN; with different crystallographic orientations (Fig. 1D and
fig. S4). The notably low formation energy and strong stability, at-
tributed to the harmonious coexistence of Ce** and Ta’* oxidation
states, suggest the feasibility of synthesizing CeTaN; single crystals
via physical vapor deposition.

We used a high-pressure and high-temperature synthesis ap-
proach to preparing a stoichiometric CeTaN; ceramic target
(fig. S5). This method has been effectively adopted in our previous
works for various high-quality binary transition metal nitrides
(23, 29-31) and was described in a recent report on triclinic LaReNj3
(32). The CeTaNj target is composed of Ce, Ta, and N with a molar
ratio of approximately 1:1:3, as determined by x-ray diffraction
(XRD) and energy-dispersive x-ray (EDX) measurements. Initially,
we fabricated CeTaNj3 thin films on (001)-oriented SrTiO; single
crystal substrates using pulsed laser deposition (PLD). The relatively
high vacuum environment together with home-built flowing nitro-
gen plasma (generation of highly active nitrogen atoms) has largely
removed the impact of remaining oxygen atoms during thin-film
deposition. The as-grown CeTaNj; films were amorphous and lacked
apparent diffraction peaks; however, they became crystallized after
a rapid thermal process (RTP) (see Materials and Methods). Pre-
viously, the same procedure was used to synthesize crystallized
CeMoN;, CeWN;, and LaWN; films using magnetron sputtering
(19, 21). This method was found to effectively eliminate secondary
fluorite-type phase. In our work, the slow growth rate by nitrogen
plasma-assisted PLD largely preserved the chemical composition of
the ceramic target. Postdeposition annealing in flowing ammonia
using RTP further facilitated the formation of single-crystalline
CeTaN; thin films while ensuring a pure single-phase perovskite.
Following the same procedure, we also grew single-crystalline
CeTaNj thin films on silicon substrates with 10-unit-cell-thick SrTiO;
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buffer layers. During the deposition, a 2- to 3-nm-thick amorphous
SiO; interlayer was naturally formed between the SrTiO; and sili-
con substrates (see schematic in Fig. 2A). Infrared absorption spec-
tra of both amorphous and crystallized CeTaN; films, compared to
bare SrTiO;-buffered silicon substrates, were measured (fig. S6).
The infrared absorption peak shifted from 300.9 to 263.3 cm™, as
indicated by colored arrows, and the peak intensities at 536.7 and
611.4 cm™" slightly increased after crystallization. These peak shifts
after crystallization suggest reduced phonon scattering in the crys-
tallized CeTaNj films.

Structural characterizations of high-quality
single-crystalline CeTaNj; thin films

The structure of CeTaNj3 thin films on (001)-oriented SrTiO; and
SrTiO3/Si substrates were examined by XRD and scanning trans-
mission electron microscopy (STEM) (figs. S7 to S10). Figure 2B
shows the XRD 0-20 scans of CeTaN3 thin films. The CeTaNj3 thin
films are (001)-oriented without other impurity peaks. The sharp dif-
fraction peaks with clear Laue oscillations (inset of Fig. 2B) demon-
strate the high crystallinity of CeTaN3. The thickness of CeTaNj; thin
films is ~80 nm, determined from x-ray reflectivity measurements.
The phi-scans around the 022 reflection of the CeTaNj; films and 011
reflection of the Si substrates were measured (fig. S11). The results
validate that the CeTaNj3 thin film was epitaxially grown on Si sub-
strates with a 45° rotation along the surface normal, consistent with
previous reports of perovskite oxides directly grown on silicon sub-
strates (33). Analysis of the reciprocal space mapping (RSM)
in Fig. 2C confirms that the CeTaNj3 films were epitaxially grown on
silicon substrates. The CeTaNj3 film peak exhibits a slight shift to a
lower g, position compared to that of the silicon substrates, indicat-
ing that the CeTaNj; films are not fully strained and have slightly
relaxed lattice constants. The RSM around the 013 reflection shows
a single peak, indicating that the CeTaNj3 films show a uniform sin-
gle domain. We further determined that the CeTaN; films have a
tetragonal-like structure with lattice constants a = b = 4.03 A and
¢ =4.09 A (fig. S12). Note that the tetragonality of CeTaN3 films on
Si substrates is slightly increased compared to the CeTaNj3 films
grown directly on SrTiOj; substrates. The chemical composition of
CeTaNj thin films was determined by x-ray photoelectron spectros-
copy (XPS) measurements (fig. S13). The single oxidation states of
Ta”* and N°~ ions were confirmed, while the main peaks are attrib-
uted to Ce** with a minor presence of Ce’*, likely due to inevitable
small amount of nitrogen vacancies or dislocations present in CeTaN;
surface layers. The occupied electronic state around the Fermi level
for CeTaNj; on SrTiO;/Si were taken from XPS valence band spectra
(fig. S14). The DOS across the Fermi level matches well with the in-
sulating behavior of CeTaNj films. The broad peak around 4 to 8 eV
is mostly formed by N 2p bands and hybridized bands between cat-
ions and nitrogen ions. The obtained bandgap of CeTaNj thin films
is ~1.27 eV. In addition, we performed optical absorption spectros-
copy measurements (fig. S14). The results show that the absorption
coefficient () is proportional to (o — Eg)z, indicating that CeTaN;,
is an indirect bandgap semiconductor. The extracted optical band-
gap is ~1.16 eV, consistent with our former theoretical calculations
(Fig. 1B). To assess the chemical uniformity of CeTaNj; thin films,
we performed time-of-flight secondary ion mass spectrometry (ToF-
SIMS) measurements. The results confirm the uniformity of all de-
posited layers and provide insight into the chemical distribution
from top to bottom (fig. S15).
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Fig. 2. High-quality single-crystalline CeTaNj thin films. (A) Schematics of CeTaN3/SrTiOs/a-SiO,/Si substrates. An ultrathin amorphous Si was formed under the growth
conditions. The unit cells of CeTaNs, SrTiOs, and Si were identified. (B) XRD 6-26 scans of CeTaN3 on SrTiO; and SrTiO5/Si substrates containing an inset figure of zoom-in
CeTaN; 001 diffraction peak with clear Laue oscillations. (C) RSM of CeTaN3; 013 around the reflection of Si 115. (D) High-resolution high-angle annular dark-field (HAADF)-
scanning transmission electron microscopy (STEM) image and (E) corresponding SAED pattern of CeTaNs/SrTiO3/a-SiO,/Si. Blue and yellow circles identify the electron
diffractions from CeTaN; and Si, respectively. (F) HAADF-STEM image of a representative region from single-crystalline CeTaNs. The orange arrows indicate the cation
displacement vectors of central Ta ions in each unit cell. (G to J) Compositional EELS mapping taken simultaneously at Ce M-, Ta M-, N K-, and O K-edges, respectively.

The atomic-scale structural coherency was examined by high-
angle annular dark-field (HAADF) and annular bright-field (ABF)
imaging taken in STEM mode. High-resolution cross-sectional
STEM image of CeTaN3/SrTiO3/a-SiO,/Si was viewed along sili-
con substrate’s [110] and [010] orientations (Fig. 2D and fig. S16).
These images demonstrate the epitaxial growth of CeTaNj3 thin films
with chemically sharp and coherent interfaces (indicated by yel-
low dashed lines). The selected area electron diffraction (SAED)
pattern was acquired from the interface region, as shown in Fig. 2E.
There are two series of sharp and periodic diffraction spots from
SAED patterns. In the cross-sectional view, the blue circled peaks
(CeTaN3) show a square, while the yellow circled peaks (Si) represent

Choietal., Sci. Adv. 11, eadu6698 (2025) 8 August 2025

a rectangle with long transverse than longitudinal in the reciprocal
space. We found the out-of-plane CeTaN; [010] || Si [010] align-
ment and in-plane CeTaNj; [100] || Si [100] alignment. To character-
ize the chemical composition of CeTaNj3, the STEM electron energy
lose spectra (EELS) at a representative region in CeTaN3 were mea-
sured. Figure 2 (G to I) shows the atomical positions of each Ce, Ta,
and N atoms with chemical compositions. From STEM-EELS re-
sults, we could clearly identify the perovskite structure of CeTaNj;
and uniformed chemical distribution. Figure 2] shows the close-to-
background signal from O K-edges, suggesting the extremely low
concentration of oxygen in CeTaNj3 films. The crystal homogeneity
of CeTaN3 was confirmed in expanded atomic-resolution STEM
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images (Fig. 2F and fig. S17). The local polarization within the
CeTaN3 lattice can be quantitatively determined on the basis of the
displacement of TaNg octahedral relative to the center of the TaNg
octahedral (34). The CeTaNj films show typical polar domains with
displacement vectors pointing toward the same direction. The typi-
cal polar domain structures with diameters of tens of micrometers
and domain volume fraction of ~70%. The dashed regions indicate
the polar domains within the CeTaNj films. The polarization of do-
mains points toward upward with both in-plane and out-of-plane
vectors for the intrinsic states. Please note that the films are not
completely polarized by electric field, meaning that the observed
polar domains are the imprints within the films. Therefore, the po-
larization is supposed to be relatively smaller than the polarized
states. Figure S18 shows the ABF image of CeTaNj films acquired in
the same region. The Ta atoms were shifted from the center of TaNg
octahedra, resulting in polar symmetry breaking. We extracted that
the averaged displacement of Ta atoms is 12.1 + 1.3 pm from the
center of the TaNg octahedral along the [001] orientation from the

>
W

100

cubic center. Thus, from the atomic displacement, we calculated that
the ferroelectric polarization of CeTaNj is ~20 to 25 pC/cm” using
the Born effective charges.

Confirmation of polar structure and switchable
piezoresponse in CeTaN;

We conducted second harmonic generation (SHG) measurements
on CeTaNj thin films grown on SrTiOs/Si substrates to shed light on
the structural origin of ferroelectrics (see setup in Fig. 3A). This
technique is a sensitive probe for the structure symmetry and polar
nature. Figure 3B shows the experimental data and theoretical fits to
the SHG intensity I;° and IZ® . We verified that CeTaN; films
have a P4mm space group, exhibiting stable polar symmetry charac-
ter. In contrast, the amorphous CeTaNj; films do not show apparent
SHG signals. The uniformity of polar domains was examined using
lateral SHG mapping (Fig. 3C). The brightness of SHG image repre-
sents higher SHG intensity, i.e., larger polarization. The CeTaN3;
films exhibit bright SHG signal spots randomly distributed with

SHG intensity (arb. units)
o

D

<

T

@

=

o
N T " T " T

E —0— CeTaN, (15nm)
—0— CeTaN, (80nm)

£ 100}

I’

=}

2 g

E-

E 50 S8

0 1 1 1 1

Voltage (V)

Switching voltage increases

i
N
<
N
|'::
N
= =)
S
>

0°

Fig. 3. Switchable polar structure of CeTaNj; thin films confirmed by SHG and PFM. (A) Schematic of SHG setup. (B) SHG results of 2w responses. (C) SHG mapping
conducted over an area of 50 pm by 50 pm on an CeTaNj thin film. (D) PFM phase and (E) PFM amplitude hysteresis loops from a 15-nm-thick and an 80-nm-thick CeTaN3
thin films, respectively. PFM phase images of (F) a 15-nm-thick and (G) an 80-nm-thick CeTaN3 thin films with progressively increasing switching voltages. A square area
was switched uniformly, and then the characters CeTaN3 were written with opposite tip voltages.
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clear boundaries. Apparently, the ferroelectric domains are uneven-
ly distributed over a 50 pm-by-50 pm region, in agreement with
previous STEM observations. The size of polar domains is approxi-
mately in the micrometer scale.

The macroscopic analysis for polarization symmetry breaking
and electrical piezoresponse of CeTaN3 was conducted with piezore-
sponse force microscopy (PFM). Figure 3 (D and E) displays the lo-
cal piezoelectric hysteresis loops as a function of tip voltage in both
phase and amplitude signals, respectively. A 15-nm-thick CeTaN;
film exhibits polarization switching at ~+5 V, while the switching
voltages decrease for an 80-nm-thick CeTaNj; film. Notably, we ob-
served asymmetric switching voltages in the thicker CeTaNj; films
(+2 V for downward switching and —4.4 V for upward switching).
The increased coercive field in thinner ferroelectric films arises from
the increase nucleation energy barrier and enhanced depolarization
field. In addition, the piezoresponse amplitude increases with film
thickness. Figure 3 (F and G) shows PFM phase images from the
15-nm-thick and 80-nm-thick CeTaN; films, respectively, with full
sets of PFM amplitude and phase images provided in figs. S19 and
S20. To conduct the measurements, the sample was first poled with a
fixed tip voltage over a large square area of 4 pm by 4 pm. Then, the
characters “CeTaN;” were written using the same tip voltage but with
opposite polarity. The switching voltages progressively increased
from left to right. For the 15-nm-thick CeTaNj; film, no stable do-
main could be written at a tip voltage below 8 V, possibly due to un-
switchable domains at low fields or domain relaxation between
writing and reading. Clear written domains were observed after in-
creasing the tip voltage to 12 V. The same procedure was repeated on
the 80-nm-thick CeTaN; film, and because of its lower switching
field, stable written domains appeared even at +8 V. It is noteworthy
that the domain size, i.e., the width of the written characters, in-
creased with higher switching voltages—a common phenomenon in
ferroelectric oxides, where domain walls expand laterally faster at
higher tip voltages and fixed duration time (scanning speed). All
measurements were repeated with reversibly switched tip voltages at
multiple positions on the film surface. The written domain patterns
remained clearly identifiable after several weeks, confirming the
nonvolatile nature of the switchable domains.

Universal synthesis procedure for single-crystalline CeTaN3
films on semiconductors

To demonstrate the universal synthesis procedure, we fabricated
CeTaN; films directly on Si substrates, as well as on other third-
generation semiconductor substrates, including SiC and GaN (Fig. 4,
A to C). As shown in Fig. 1D, the formation energy of (011)-oriented
CeTaN; is lower than that of (001)-oriented CeTaN;. Therefore, in
the absence of substrate regulation, the CeTaNj films preferentially
crystallize along the (011) orientation. Figure 4E displays the XRD
0-20 scans of CeTaN; thin films on different substrates. Only (0II)
peaks from CeTaN; and peaks from the substrates (indicated by “*”)
were observed. A direct comparison with CeTaNj; single-crystalline
thin films grown on (011)-oriented SrTiO; substrates confirms that
the (011)-oriented CeTaN; films were epitaxially grown on all sub-
strates. Microstructural analysis further confirms the epitaxial
growth of CeTaN; thin films on various substrates (figs. S21 and
§22). Because of the base pressure of the high-temperature PLD
growth chamber reaching only ~1 x 107* torr, oxidation of the Si
substrate was unavoidable, leading to the formation of an ultrathin
Si0O, layer, ~1 nm thick, between the CeTaNj film and the Si substrate
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(fig. S21). In addition, detailed EDX mapping of a CeTaNj; film grown
on Si (fig. $23) shows uniform distribution of Ce, Ta, and N signals
within the films, with no apparent oxygen content detected. Chemi-
cal intermixing at the CeTaN5/Si interface was negligible.

Figure 4F presents a representative STEM-ABF image of
(011)-oriented CeTaNs films, where the light dark spots correspond
to N atoms. The in-phase rotation along the [001] orientation (b
axis) allows for direct visualization and quantification of TaNs octa-
hedral tilts in the ac-plane. The Ta-N-Ta bond angle (Br,.n-1a) reach-
es ~158°, and the TaNs octahedra tilt is ~11°. The octahedral tilt
remains nearly constant within the observed region. This small tilt
angle may result from substrate-induced compressive strain. To ex-
amine the effects of misfit strain on the tilt angle, we fabricated CeTaN;
thin films on various oxide substrates with progressively decreasing
in-plane lattice constants (figs. S24 and S25). Our results show that
the Pry-N-1a angle decreases with increasing compressive strain, con-
sistent with previous studies on oxide heterostructures. The EELS
mapping results for a CeTaNj; thin film on DyScOs (fig. S26) reveal
exceptionally high chemical homogeneity, with minimal intermix-
ing at the heterointerface, confined to a single unit cell. The pristine
interface between the nitride perovskite and oxide is attributed to
their chemical stability, structural compatibility, and well-defined
interface termination, exemplified by the TaN,-DyO configuration
at the CeTaN;/DyScO; interface.

The piezoresponse of CeTaNj thin films on Si was confirmed by
poling quadratic areas using oppositely written voltages (fig. S27).
Macroscopic electric measurements were conducted at room tem-
perature. Figure 4G shows the electrical hysteresis loops (P-E and
J-E curves) of a Pt/CeTaN3/p-Si capacitor. The Pt/Ti top electrode area
was reduced to 5 pm in diameter to minimize leakage current to the
order of submicroamperes. The remanent polarization (P;) and the
coercive field (Ec) of CeTaN3 films are ~17.4 uC/cm2 and 484 kV/
cm, respectively. To confirm the intrinsic ferroelectric nature of
CeTaN; thin films, we performed positive-up-negative-down mea-
surements (fig. $28) and calculated the switched polarization under
different writing pulses (fig. S29). The switching current varies with
the applied electric field and writing time. The characteristic switch-
ing time was determined to be ~1 X 10™* s at 667 kV/cm. The higher
fields accelerating ferroelectric domain switching, where the smaller
fields decrease the ferroelectric switching and lead to incomplete do-
main switching when fields below E¢ (fig. S30). Please note that both
P, and switching speed are comparable to those of typical ferroelec-
tric oxides (such as Hf;_,Zr,O, and BaTiO3) (35, 36). The E¢c of
CeTaN; films is also comparable to those of the conventional ferro-
electric perovskite oxides (37-39), atomically thin binary oxides
(40), two dimensional materials (41), and elementary substances
(42). Further investigations into the scaling of ferroelectric parame-
ters with respect to thickness/orientation and switching dynamics in
both microscopic scales are essential for advancing the potential of
CeTaN3 in ferroelectric applications with semiconductor industry
in future.

DISCUSSION

In conclusion, we have successfully achieved the single-crystalline
ferroelectric CeTaNj thin films on silicon substrates, demonstrating
the potential for realizing comparable ferroelectric polarization in
nitride perovskites. The spontaneous remanent polarization and in-
trinsic ferroelectric atomic displacement within the TaNs octahedra
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Fig. 4. Naturally formed (011)-oriented CeTaNj; thin films on wide-range semiconductors. (A to D) Schematics of (011)-oriented CeTaNj3 thin films grown on Si, SiC,
GaN/Al,O3, and (011)-oriented SrTiO; substrates, respectively. (E) XRD 6-26 scans of CeTaNj thin films on various substrates (indicated with *). Dashed lines indicate the
positions of (0/) peaks from CeTaN; thin films. (F) High-magnified STEM-ABF image from a (011)-oriented CeTaNs3 thin film grown on Si. Inside shows a representative
tilted TaNg octahedral with an averaged Ta-N-Ta bond angle of ~158°. (G) Ferroelectric hysteresis loops and switching currents of a Pt/CeTaN3/p-Si capacitor. The measure-
ments were conducted at room temperature. Inset shows the schematic of measurement setup.

reveal a strong correlation between the electronic structure and in-
version symmetry. The experimentally observed ferroelectric order
parameters align excellently with theoretical calculations. The clear
observation of nitrogen octahedral tilting in nitride perovskites
highlights the sensitivity of nitrogen octahedra to epitaxial strain.
Fine-tuning of octahedral parameters—such as rotation, bond an-
gles, and bond lengths—could enable quantum confinements of
their emergent physical properties. In addition, the similarity in oc-
tahedral engineering between oxide and nitride perovskites suggests
that combining these materials could open a largely unexplored re-
search avenue at the oxide/nitride interfaces. Our work also empha-
sizes the potential for integrating single-crystalline CeTaN; thin
films with second- and third-generation semiconductor substrates,
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as well as perovskite oxide substrates. This integration enhances the
advantages of this ferroelectricity in nitride perovskites, not only in
fundamental research but also for next-generation artificial intelli-
gence-driven computing and memory devices. Furthermore, we no-
ticed that a recent publication reported that the Ruddlesden-Popper
nitrides, specifically Ce,TaN,, were synthesized under high pressure
(43). This compound exhibited long-range order in charge distribu-
tion, off-center displacement, octahedral tilting, and spin states, sug-
gesting that this material system holds potential as a functional
nitride. Consequently, the exploration of not only single-crystalline
perovskite nitrides but also Ruddlesden-Popper nitrides—and a
broader array of nitride materials—remains an exciting frontier for
future research.
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MATERIALS AND METHODS

CeTaN; target preparation and thin-film growth

Polycrystalline CeTaNj serves as ablation target with 25 mm in diame-
ter and 5 mm in thickness. The target was sintered at 3 GPa and 1000°C
for 60 min, using the single-phase perovskite nitride powders as start-
ing materials. The nitride powders were synthesized though a recently
formulated high-pressure reaction route. High-pressure experiments
were carried out in a Duanzao Suo 6 X 10 meganewtons cubic press
installed at the High-Pressure Lab of Southern University of Science
and Technology (SUSTech). The CeTaNj target was used to fabricate
the thin films using PLD system with a XeCl excimer laser of 308-nm
wavelength and 5-Hz repetition. The laser spot size is ~5.5 mm®, and
the energy density maintains ~1 J/cm® during the deposition. We used
highly active nitrogen atom generator-nitrogen plasma to compensate
the nitrogen vacancies during the deposition. The (001)- and (011)-
oriented SrTiOs, (001)-oriented LaAlOs3, (110)-oriented DyScO3, and
n-type Si, SiC, and GaN/AlL,Os single crystals were used as substrates.
A 5-nm-thick SrTiOj; buffer layer was prepared on Si substrates using
two-step methods which described in our previous works (44-46). The
CeTaNj thin films were prepared in two steps. First, the as-grown stoi-
chiometric films were deposited at the substrate temperature of 600°C
and the base pressure of 1 X 107 torr. The thickness of CeTaN3 thin
films was controlled by counting the number of laser pulses. The second
step was to anneal the films using RTP, which is crucial for crystalizing
the CeTaNj thin films. The annealling process was performed by heat-
ing up the films to 800°C in 10 min under pure anomia atmosphere.
After 30-min annealling, the films cooled down to room tempera-
ture slowling.

Structure characterizations

The thin-film quality was examined by high-resolution four-circle
x-ray diffractometer (Malvern Panalytical, X’Pert3 MRD) and
synchrotron-based XRD at the beamline IW1A of the Beijing Syn-
chrotron Radiation Facility (BSRF). The 6-20 line scans, rocking
curve scans, @ scans, and off-specular RSM were conducted to check
the epitaxial growth of CeTaNj thin films. The atomic structure of
CeTaNj thin films were characterized using an ARM-200CF scan-
ning transmission electron microscope which was operated at 200 keV
and was equipped with double spherical aberration (Cs) correctors.
The STEM spicemen were prepared by standard mechanical thin-
ning followed by ion milling. All TEM images were processed and
analyzed using Gatan DigitalMicrograph.

ToF-SIMS measurements

ToF-SIMS measurements were carried out using a ToF-SIMS
(ION-TOF GmbH, M6 instrument, Miinster, Germany). The mass
spectrometer was equipped with a reflection type ToF analyzer. A
dual-beam depth profiling strategy was used, in which a 1-keV Ar ion
gun (300 pm-by-300 pm scanning area) was used for sputtering and
a 30-keV Biz" beam (~0.43 pA, 100 pm-by-100 pm scanning area
within the center of the Cs+ crater) was used for negative spectra data
collection with high mass resolution mode. In addition, a flood gun
(~1 pA) was used for charge compensation. The CeTaN3film/SrTiOs/
Si substrate interfaces were determined via the secondary ion signals
of SrO* and Sr*”.

Optical reflectance measurements
The optical reflectance measurements in the energy range of 10 to
1000 meV were performed on a Bruker Vertex 80v Fourier transform
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spectrometer at room temperature. The transmitance spectra of
amorphous and crystallized CeTaNj3 thin films on SrTiO;-capped Si
substrates were measured, in comparison to that of a bare SrTiO;-
capped Si substrates. The optical transmitance data were highly re-
producble. Moreover, the optical constants of the CeTaNj3 thin films
were obtained using a ellipsometer (J.A. Woollam RC2 spectroscopy),
which are consistent with the results extracted from the measured
reflectance spectra in the same energy range.

Optical SHG

Optical SHG measurements were performed on two independent
home-developed systems. For the point SHG measurements, we
performed at the Institute of Physics, Chinese Academy of Sciences
(CAS). A Ti:sapphire femtosecond laser (Tsunami 3941-X1BB,
Spectra-Physics) with a pulse duration of 120 fs, a center wavelength
of 800 nm, and an average power of 50 to 200 mW was used as the
light source. The 1o laser beam was incident on the CeTaNj3 thin
films with an angle of 45°, while the 2 signals in the reflected laser
beam were band-pass filtered and recorded with a photodetector.
For the SHG mapping measurements, the experiment was conduct-
ed at Tsinghua University using a laser scanning microscope system.
We used a normal incidence geometry. The 1o laser beam was fo-
cused by an objective lens and scanned with a pair of galvanometers.
The backscattered 2w light signals were collected from reflection
beam using a photomultiplier tube. In both cases, the polarization of
incident beam was controlled with a zero-order half-wave plate, and
the polarization of the SHG light was analyzed using a Glan-Taylor
prism. The intensities of p- and s-polarized SHG light were plotted
as a function of beam polarization, i.e., the angle with respect to
beam. All SHG measurements were performed at room temperature.

Ferroelectric characterizations

PFM was conducted using an atomic force microscopy (AFM) from
Asylum Research Company (type: MFP-3D family) at room tem-
perature. A Si cantilever with conductive Pt/Ir coating layer of
spring constant of 0.2 N/m was used. Both amplitude and phase sig-
nals were recorderd. The dc bias voltages were applied from 4 to
12 V for switching ferroelectric domains. Ferroelectric polarization
measurements have been conducted with an Aixacct TF 2000 Ana-
lyzer on CeTaNj thin-film capacitor structures with Pt top elec-
trodes with an area as small as 25-um? area to largely reduce the
leakage current.

X-ray photoelectron spectroscopy

Room temperature XPS measurements were performed at the Insti-
tute of Physics, CAS. All XPS measurements were measured with x-
rays at a normal angle to the sample surface. The samples were
chemically cleaned to remove the surface contaminations. Spectra
were measured using an electron flood gun to compensate the posi-
tive photoemission charge because CeTaNj3 thin films were highly
insulating. A small polycrystalline Au foil was affixed to the corner of
each film surface using Cu tape to connect the sample to the ground.
For valence band spectra, the Au 4f;/, peak was used to calibrate the
binding energy scale. The distribution of element valence states was
obtained by fitting N 2p XPS using the Casa XPS software.

DFT calculations
The calculations were performed in the framework of DFT as imple-
mented in the Vienna ab initio simulation package code (47, 48).
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The electron exchange-correlation effects were treated with the gen-
eralized gradient approximation with Perdew-Burke-Ernzerhof
solid functional (49, 50). The Heyd-Scuseria-Ernzerhof functional
was applied for the calculation of the DOS (49). Energy convergence
can be further confirmed by using a cutoff energy of 500 eV and a
k-point grid with a reciprocal space resolution of 0.2 A™". The in-
plane lattice constant was fixed to the experimental values during
relaxation, while the out-of-plane lattice constant and atomic posi-
tion were fully relaxed. The PSEUDO program from the Bilbao
Crystallographic Server was used to identify the centrosymmetric
structure (51-53), while the VTST code was used to obtain the in-
sert structures along ferroelectric switching path from nonpolar
phase to polar phase (54, 55).

Supplementary Materials
This PDF file includes:

Figs. S1to S30
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