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MATERIALS SCIENCE

Large enhancement of ferroelectric properties of
perovskite oxides via nitrogen incorporation

Tao Wang11', Fenghui Gongz1', Xue Ma>t, Shen Pan't, Xian-Kui Wei*t, Changyang Kuo>$,

Suguru Yoshida’, Yu-Chieh Ku®, Shuai Wang‘, Zhenni Yang4, Sankalpa Hazra’, Kelvin H. L. Zhang4,
Xingjun Liu’, Yunlong Tang?, Yin-Lian Zhu?, Chun-Fu Chang?, Sujit Das’, Xiuliang Ma?,

Lang Chen'?, Bin Xu?, Venkatraman Gopalan7, Laurent Bellaiche

Lane W. Martin'>"4, Zuhuang Chen'*

Perovskite oxides have a wide variety of physical properties that make them promising candidates for versatile
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technological applications including nonvolatile memory and logic devices. Chemical tuning of those properties
has been achieved, to the greatest extent, by cation-site substitution, while anion substitution is much less ex-
plored due to the difficulty in synthesizing high-quality, mixed-anion compounds. Here, nitrogen-incorporated
BaTiOs thin films have been synthesized by reactive pulsed-laser deposition in a nitrogen growth atmosphere. The
enhanced hybridization between titanium and nitrogen induces a large ferroelectric polarization of 70 pC/cm?
and high Curie temperature of ~1213 K, which are ~2.8 times larger and ~810 K higher than in bulk BaTiOs, respec-
tively. These results suggest great potential for anion-substituted perovskite oxides in producing emergent func-

tionalities and device applications.

INTRODUCTION

Perovskite oxides with the general formula ABO; constitute a rich mate-
rial playground for emergent physical properties and novel devices con-
cepts. In the past few decades, substantial progress has been made in
both A- and/or B-site cation doping, with giant piezoelectricity in (1-x)
Pb(Mg;/3Nb,/3)03-(x)PbTiO3 (I), high dielectric tunability in Baj.
1, 1103 (2), colossal magnetoresistance in La; ,Ca,MnOj (3), etc. Re-
cently, mixed-anion perovskites have garnered increasing attention due
to their unique phenomena that are unattainable in simple oxides, in-
cluding fast anionic conduction (4), visible-light photocatalysis (5),
strain-tunable anion arrangements (i.e., cis and trans configurations)
(6-8), and enhanced ferroelectricity (8, 9). However, compared to cat-
ion substitution, anion (oxygen-site) substitution is much less explored
due to the high stability of the metal-oxygen bond, which makes it chal-
lenging to synthesize mixed-anion perovskites (10, 11). Thus, the field
of anion-substituted perovskite oxides remains relatively underexplored
and thus may hide the potential impact of this approach to engineer
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functionalities of perovskite materials (11-13). As compared with other
anions, nitrogen has multiple similarities in electronic and structural
characteristics to those of oxygen, such as the ionic radius (1.46 A for
N, and 1.40 A for O2) (14). Hence, nitrogen substitution may retain
the perovskite structure if the overall electroneutrality condition is met.
Nevertheless, unlike cation-substituted perovskite oxides, synthesis of
nitrogen-substituted perovskite oxides by conventional direct, solid-
state reaction processes in an inert nitrogen atmosphere is challenging,
as the direct reaction between N, and oxides requires a very high activa-
tion energy due to the strong triple bond of N, (15). Thus, such mixed-
anion perovskites are typically synthesized either by high-temperature
ammonolysis reaction under NH; flow (16) or by a two-step process via
a combination of topochemical reduction of perovskite oxides and fur-
ther low-temperature ammonolysis reaction (17). These synthetic ap-
proaches, however, have serious disadvantages for ferroelectrics. For
example, the transition metal cations (e.g,, Ti*") are easily reduced by
the reducing reagents (e.g., CaH, and NHj3), which is deleterious for the
electrical resistivity of the material (18). Moreover, these methods might
also introduce hydrogen into the materials, which can degrade ferro-
electric properties (19). Therefore, if nitrogen-substituted perovskite
oxides can be readily synthesized, there is potential to open up numer-
ous advances in this class of materials.

RESULTS

Films growth

One deposition technique could be useful in this regard. Pulsed-
laser deposition (PLD) is a highly nonequilibrium growth technique
and thus could allow for the growth of high-quality anion-substituted
perovskite thin films. The highly energetic species in the ablation
plasma can react with gas molecules to produce compounds that in-
corporate all species in the system (10, 20). Therefore, even nitrogen
gas (i.e., N;) could be used as the reaction gas to synthesize nitrogen-
substituted perovskite oxide thin films by PLD. Previous studies have
successfully used PLD to fabricate oxynitride epitaxial thin films,
including nitrogen-substituted perovskite SrTiOj3 thin films (21-23)
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and SrTaO,N epitaxial thin films (8). However, to the best of our
knowledge, direct observations of enhanced polarization in oxyni-
tride thin films have not been reported to date. Here, we present the
successful fabrication of nitrogen-incorporated BaTiO3 thin films
exhibiting enhanced ferroelectricity on SrTiOs (001) substrates us-
ing PLD in a nitrogen/oxygen gas mixture. The dynamic gas pressure
during film growth was kept at 20 mtorr and the ratio of nitrogen/
oxygen was controlled by a flowmeter (Fig. 1A).

Structural characterization

All thin films have smooth surface with a terraced feature, where the
root mean square roughness is <500 pm (Fig. 1A). X-ray diffraction
studies reveal that all the films grown in different atmospheres are
single-phase, 00/-oriented (Fig. 1B and fig. S1). The smooth inter-
face of the thin films was evidenced by the Laue fringes near diffrac-
tion peaks (Fig. 1B). It is worth noting that BaTiOs films grown in a
nitrogen atmosphere exhibit less clear thickness oscillation compare
to those in a pure oxygen atmosphere. This difference is likely relat-
ed to the incorporation of nitrogen into the film, as confirmed by
subsequent microstructural analysis of films grown in a 100% N,
atmosphere. X-ray rocking curve studies further demonstrate that
the nitrogen growth atmosphere does not cause the deterioration
of the crystalline quality of the films (fig. S2). Upon increasing the
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Fig. 1. Enhanced tetragonality in BaTiO; thin films by reactive pulsed-laser depo

nitrogen concentration ratio in the nitrogen/oxygen gas mixture, it
is interesting to note that the out-of-plane lattice parameter mark-
edly increases from ~4.06 to ~4.33 A; that is, the c/a ratio of the film
increases to ~1.11 or 9.7% larger than that of bulk BaTiO3 (Fig. 1C).
Subsequent off-axis reciprocal space mapping (RSM) about the
103-diffraction condition reveals that the films grown in 50 and
100% N atmospheres are coherently strained to the underlying sub-
strate (Fig. 1D and fig. S3).

To confirm whether the increase of the out-of-plane lattice pa-
rameter originates from isolated oxygen vacancies or not, we an-
nealed the films grown in 100% N, atmosphere in an oxygen
atmosphere at 550°C (fig. S4). The film still exhibits notable out-of-
plane lattice expansion after annealing. In another control experi-
ment, we grew BaTiO; films in different argon/oxygen gas mixtures,
but we did not observe similar notable expansion in the out-of-
plane lattice parameter (fig. S5). Therefore, it is less likely that iso-
lated oxygen vacancies are the primary cause of the observed notable
lattice expansion. Out-of-plane lattice parameter of BaTiO; thin
films can increase with laser fluence (which correlations to the
adatom kinetic energy) (24). Therefore, we also compare BaTiO;
thin films grown in 100% N under different laser fluences (fig. S6).
We observed no change in the out-of-plane lattice parameters of the
films. Therefore, the large out-of-plane lattice parameter in BaTiO;
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sited technique in N>-containing growth atmosphere. (A) The schematic diagram

of the thin films grown in mixed atmosphere with N, and O,. (B) 8-26 x-ray diffraction scans of the films grown in different atmospheres. (C) The out-of-plane lattice con-
stant and c/a of the films grown in different nitrogen content. (D) The RSM result of the film grown in 100% nitrogen content around the SrTiOs (103) diffraction spots. To
illustrate the change of lattice parameter of the thin film relative to that of bulk BaTiO3, Ac/cgyik is used, where Ac corresponds to the difference between c lattice parameter

of the film and that of bulk BaTiOs.
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film grown in 100% N, may not be caused by laser fluence-induced
knock-on defects, but, instead, it appears to be possibly related to
anion substitution from growth in the nitrogen atmosphere.

We used high-resolution scanning transmission electron mi-
croscopy (STEM) imaging to obtain other structural information.
We show a representative cross-sectional image of the 30-nm-thick
film grown on a SrRuOs-buffered SrTiO; substrate that has a
sharp interface between the SrRuO3 and BaTiO3, which is indica-
tive of the high quality of the film along the growth direction
(figs. S7 and S8). We found, regardless of the nitrogen/oxygen gas
mixture, that the in-plane lattice parameters of all films are near-
ly uniform, while the out-of-plane ¢ lattice parameters of the
films grown in nitrogen-containing atmospheres become much
larger than that of the film grown in pure oxygen atmosphere. To
illustrate the differences between the films grown in different at-
mospheres, we extracted the local c¢/a lattice parameter ratio from
the high-angle annular dark-field images (fig. S8C). Remarkably,
while the average c/a ratio from x-ray is ~1.11 (Fig. 1C), it can
vary throughout the film and, locally, can be as large as ~1.27 for
film grown in 100% nitrogen (fig. S8C). In contrast, we observed
a ¢/a ratio of ~1.04 for film grown in 100% oxygen both macro-
scopically via x-ray studies (Fig. 1C) and locally via the STEM
imaging (fig. S7). Electron energy loss spectroscopy (EELS) mea-
surements reveal that nitrogen is doped into the film grown in
100% nitrogen atmosphere (figs. S9 and S10). Furthermore, inte-
grated differential phase contrast (iDPC) STEM is performed to

evaluate polarization displacement (25), specifically the displace-
ment of Ti atoms (AZr;) relative to the center of its four neigh-
boring anions. The position of Ba atoms, Ti atoms, and anions
can be clearly discerned from iDPC images based on atom col-
umn intensity (Fig. 2, A and B, and fig. S11 to S13). Using iDPC
images, we calculated the AZr; values of the films grown in differ-
ent atmospheres. The AZr; is observed to increase from ~0.2 to
~0.4 A as the nitrogen content in gas mixture increases from 0
to 100%.

Our observations suggest that nitrogen incorporation leads to
rather dramatic structural changes in the films. To confirm that ni-
trogen incorporation is truly being achieved, we probed the chemi-
cal composition of the films via x-ray photoelectron spectroscopy
(XPS). Spectra taken about the location of the nitrogen 1s peak (Fig.
2C) for the films grown in different atmospheres reveal no signal of
nitrogen in the films grown in 100% oxygen (bottom, Fig. 2C). As
the nitrogen content in the gas mixture increases to 50%, we ob-
served a clear nitrogen 1s peak (middle, Fig. 2C), which we can de-
compose into a main peak at ~399.6 eV (which we assigned to
molecularly chemisorbed nitrogen or NO, in interstitial positions)
and a secondary peak at ~397.4 eV (which corresponds to Ti-N
bonding due to the substitutional nitrogen at the oxygen site)
(26, 27). Upon further increasing the nitrogen in the gas mixture to
100%, the nitrogen 1s peak at ~397.4 eV increases (top, Fig. 2C),
indicating that more nitrogen is substituted into the oxygen. Using
the sensitivity factor method (28), the concentration of substituted

A Cc r r r T r D T r T r T T T
—— Raw data
— 397 .4 eV
—_. — 399.6 eV
— N1s NZ:C)Z_’I 0 —Fimnge -
5 v =
< —— Raw data .
S —300.6 eV S
— 397.4 eV
Q 1 — Fitting -l?
g dnolo AL ALY 2]
- i [
o 0]
< =
S N,.0,=0:1 ]
S AR A o i Ti L, ; edges
I 380 395 400 405 410 415 420 456 458 460 462 464 466 468
Binding energy (eV) Photon energy (eV)
B E T F 05 T T T T T T

'Experin;ental ' " —Evab
=4

SimulateJ\lZo
—~
S
)
>
=
2]
c
3]
c - ___ 0.36A
Ww 0.2F
S J 0.48A
= - __ 0.54A
T r r T T T 0.1 T T T T r .
456 458 460 462 464 466 468 470 0 20 40 60 80 100
Photon energy (eV) No/(N,+0,) (%)

Fig. 2. The microstructures of BaTiOj3 thin films grown in different atmospheres. (A and B) Superposition of the AZy; displacement vectors with the experimental iDPC
images of the films grown in different atmospheres. The insets show partially enlarged iDPC images and yellow arrows represent AZy; vectors. The green, blue, and red
balls represent Ba, Ti, and anions, respectively. (C) Experimental and simulated XPS spectra for N 1s; (D) Polarized XAS spectra for Ti L, 3 edges. (E) Simulated Ti L, 3 edges
XAS spectra for the film grown in 100% N,. (F) The variation of AZy; values obtained from simulated XAS spectra with N, content in gas mixture. The inset shows sketch

diagram of AZ;.
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nitrogen we calculated at the oxygen site is ~7 atomic % (at %) for
the film grown in 100% nitrogen. Furthermore, the substitution

of nitrogen for oxygen can be expressed by the defect equation:
BaTiO
N,—> 2N{, + V, where the charge neutrality is achieved via co-

formation of oxygen vacancies with N defects. To confirm this
coformation, we measured the oxygen 1s XPS spectra of the films
grown in different nitrogen/oxygen gas mixtures (fig. S14). After
fitting, we found that concentration of oxygen vacancies increases
with increasing nitrogen content in the gas mixture, confirming the
defect equation (and assuring charge compensation) and coforma-
tion of oxygen vacancies.

To reveal the microscopic origin of the increased lattice expan-
sion in the nitrogen-incorporated BaTiOj3 thin films, we used x-ray
absorption spectroscopy (XAS) assisted by theoretical simulations
to investigate the detailed electronic structures of the films (Fig. 2,
D and E, and figs. S15 and S16). We measured the XAS spectra at
titanium L, 3 edge with the polarization vector E of the incoming
x-rays parallel (E//c) or perpendicular (E//ab) to the c axis of the
films grown in different atmospheres (Fig. 2D). The overall line
shape and peak energies of these three pairs of XAS spectra dem-
onstrate that the titanium cations are predominantly in the 4+
charge state (rather than 3+4; fig. S15B) with similar perovskite
structure for all BaTiO; films (29). The spectra split into L, and Ls
regions because of strong spin-orbit interaction in the titanium 2p
core hole states. Because of the crystal field, each L, and L3 edge
manifests itself in two peaks [i.e., eg (d,2_ 2, ds.2_,2) and tg (dyy, dy,
dy.)] (30). We found that the e, peak at L3 gradually gets broadened
with increasing nitrogen content in the gas mixture, which is a sign
of the hybridization-induced polar distortion of the TiOg octahe-
dron (31-33). The degeneracy of the #,; and eg levels may be lifted
by the tetragonal distortion (30), which can be evaluated by com-
paring the polarization dependence of titanium L, 3 XAS spectra
(33). X-ray linear dichroism (defined as the difference of XAS
spectra measured between two orthogonal polarized x-rays), also
increases with increasing nitrogen incorporation. For films grown
in 100% oxygen, a very small energy shift of ~50 meV occurs at the
Ls eg peak when the linearly polarized x-rays change from E//ab to
E//c. In contrast, as the nitrogen content in the gas mixture in-
creases to 100%, this energy shift at the L3 e; peak increases nota-
bly from 50 to ~320 meV. The L3 e; peak of the E//c spectrum
arises from an electron transition to d;,._,.,, while that of E//ab
spectrum results from an electron transition to d,._,.. The energy
shift from E//c to E//ab shows that the energy level of d,._. is high-
er than that of d;,_,.. As 320 meV is not a small value, this demon-
strates a huge tetragonal distortion for films with nitrogen
incorporation; consistent with the aforementioned XRD results.
The energy shift of the L3 t, peak is reversed (Fig. 2D), the E//ab
spectrum has a lower energy than the E//c spectrum, meaning a
lower energy level of dy, than that of d,./d... At first glance, this
observation seems inconsistent with the XRD result of ¢/a > 1.
However, this actually manifests that the Ti ion moves away from
the TiOg octahedral center toward apical oxygens, as reported in
previous studies (30, 34).

We determine how large this Ti off-center displacement is by
simulating the XAS spectra using a conventional theoretical ap-
proach, namely, the full multiplet CI cluster calculation (35, 36). In
the CI cluster calculation, we base the local solid-state effect on a
TiXe cluster, where “X” represents the ligand anions that surround

Wang et al., Sci. Adv. 11, eads8830 (2025) 10 January 2025

the titanium. We first simulate the XAS by keeping the titanium cat-
ion at the center of the TiXs octahedron and using ¢/a ~ 1.11, which
corresponds to the XRD result of the film grown in 100% nitrogen.
In this case, the Ti-X bond length along the z axis (¢ axis) is much
longer than that in the xy plane (ab plane), which results in higher
energies for the d,._, orbital in the ey levels and the d,y orbital in the
t»y levels, as shown as the 0 A spectra in Fig. 2E. However, the simu-
lated spectra are far from agreement with the experimental spectra.
We then move the titanium cation along the z axis toward the apical
ligand with a step size of 0.005 A for the calculations (Fig. 2E shows
only spectra with every 0.06 A for simplicity). This brings up the
energies of the d;._,. and d,./d., orbitals. The peak energy separa-
tion between the E//ab and E//c spectra decreases as the Ti ion dis-
placement increases (Fig. 2E). The energy increase of the t,; peak of
E//c spectra is faster than that of the e; peak. We found that with a Ti
ion displacement of 0.42 A the simulated spectra well reproduce the
experimental spectra of the film grown in 100% nitrogen (Fig. 2E),
and is well consistent with the aforementioned iDPC-STEM result
(Fig. 2B). We applied the same calculation procedure for the spectra
of the BaTiOs films prepared in 50% nitrogen and 100% oxygen (fig.
$15, C and D) and summarized the results (Fig. 2F). The films grown
in 100% nitrogen exhibit the largest titanium displacement along the
out-of-plane direction compared to the films grown in 100% oxygen
and 50% nitrogen (Fig. 2F), which is also much larger than the tita-
nium displacement (~0.16 A) in bulk BaTiOs (37). It is reasonable to
conclude that the additional titanium off-center displacement of the
BaTiOs film grown in 100% nitrogen is due to a stronger hybridiza-
tion between titanium and nitrogen in comparison with that of tita-
nium and oxygen.

Theoretical calculations

We corroborated the nitrogen substitution-induced polar distortion
in BaTiO; thin film using first-principles calculations. In excellent
agreement with the measured data, we found that isolated oxygen
vacancies do not induce large polarization and c/a (table S1), while
increasing the amount of nitrogen in the BaTiO; enhances the c¢/a
ratio and polarization (table S1 and Fig. 3A). To rationalize this re-
sult further, we compare the charge-density distribution and density
of states (DOS) between pure BaTiO; and N-doped BaTiO; with
similar nitrogen composition as that in the films grown in 100% ni-
trogen (Fig. 3, B to D, and fig. S17). When an apical oxygen anion is
replaced by nitrogen, the covalency between the anion and cations
is found to be strongly enhanced (Fig. 3, C to D). In particular, it is
found that the nearby titanium cations are shifted toward the nitro-
gen cations. The titanium-nitrogen hybridization is also substan-
tially stronger than that of titanium-oxygen, as can be seen from
the larger DOS from the nitrogen 2p orbitals below the Fermi level
(Fig. 3D) as compared with the oxygen 2p orbitals in pure BaTiO3
(Fig. 3B), which would give rise to the enhancement of Ti displace-
ment and tetragonality with nitrogen substitution. Therefore, asso-
ciating with larger polar distortion, the films grown in 100% nitrogen
would induce stronger ferroelectricity than the films grown in
100% oxygen.

Ferroelectric properties

To further confirm the enhanced polar distortion, we measured the
macroscopic ferroelectric properties of these films with ferroelectric
polarization-electric field (P-E) hysteresis loops using symmetric Sr-
RuOj; capacitor structures. First, leakage current density studies
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Fig. 3. Effect of N substitution from density functional theory calculations. (A) The calculated c/a ratio and polarization as a function of N atomic fraction at anionic
sites. (B) The orbital-projected DOS for Ti and O in BaTiOs. (C) Valence charge density on the (110) plane of the film with N atomic fraction of ~7 at %. (D) The orbital-
projected DOS for Ti, O, and N in the film with N atomic fraction of ~7 at%. Ef is the Fermi energy of the films.

reveal symmetric and low-current characteristics (Fig. 4A). The films
grown in 100% nitrogen have lower leakage current density as com-
pared to the films grown in 100% oxygen and 50% nitrogen. The low
leakage behavior is likely ascribed to the formation of defect dipoles
(e.g., V5 and Ny) in the films. Such defect dipoles/complexes can
serve as deep-level trap states, which work to reduce conductivity of
the films (24). Characteristic ferroelectric hysteresis loops (Fig. 4B
and fig. S18A) reveal distinct behaviors. One is the horizontal shift of
the P-E hysteresis loops. As reported previously (24), defect dipoles
can align in the direction of the polarization and act as local built-in
fields that effectively pin the ferroelectric polarization, and thereby
inducing the shifted P-E hysteresis loops. Besides, the different growth
temperature of bottom and top SrRuOj electrodes may introduce an
asymmetry between the top and bottom SrRuOs-BaTiOjs interfaces,
and leading to an additional shift in the loops. In addition, the coer-
cive filed of the films gradually increases with the increasing nitrogen
content in gas mixture. This is attributed to the enhanced tetragonal-
ity and the possible defect pinning on polarization switching (24).
The ferroelectric polarization also depends strongly on the nitrogen/
oxygen gas mixture (namely, the polarization increases with nitrogen
content; fig. S18B). The film grown in 100% oxygen exhibits “square”
P-E hysteresis loop with low remnant (P, ~ 20 pC/cmz) and satura-
tion (P, ~ 25 pC/cm?) polarization, in agreement with previous reports
(38). As the percentage of nitrogen in the gas mixture increases to
100%, the films exhibit a typical well-saturated P-E hysteresis loop,
but now with much higher P, (~65 pC/ cm?) and P, (~70 pC/cmZ). We
further confirmed the robust ferroelectric behavior of the films grown
in 100% nitrogen by measuring P-E hysteresis loops at different fre-
quencies and fatigue cycles (fig. S19). To investigate whether the high
ferroelectric polarization of the film grown in 100% nitrogen

Wang et al., Sci. Adv. 11, eads8830 (2025) 10 January 2025

originates purely from the large c/a observed in these films, we used a
large laser fluence to obtain film with similarly high c/a in the strained
BaTiOs3 film but grown in 100% oxygen (fig. S20, A and B). Similar to
previous studies (39), the ferroelectric polarization in these BaTiO;
films with high ¢/a (~1.1) is only ~40 uC/ cm? (fig. S20C); much small-
er than the ferroelectric polarization in the films grown in 100%
nitrogen. In addition, the results of XAS spectra also further demon-
strate smaller titanium displacement in the films grown in 100%
oxygen atmosphere with high laser fluence as compared to those
grown in 100% nitrogen (fig. S21), since a uniform elongation of an
octahedron does not enlarge much a polar distortion. Therefore,
these results suggest that the polarization enhancement in the films
grown in 100% nitrogen can be predominantly attributed to the in-
corporation of nitrogen into oxygen sublattice, which improves the
hybridization between the titanium and the surrounding anions and
thus drives a stronger polar distortion with larger titanium displace-
ment (Figs. 2F and 3). Furthermore, additional factors, such as inter-
stitial nitrogen incorporation and possible cation disorder, may also
contribute to enhanced lattice distortion. Nonetheless, our findings
underscore that a nitrogen-rich growth atmosphere serves as a funda-
mental factor in enhancing ferroelectric properties.

We also probed the robustness of this enhanced polarization in the
films grown in 100% nitrogen to high temperatures (Fig. 4C). The
temperature-dependent evolution of the P-E hysteresis loops reveals
that the large ferroelectric polarization is robustly stable even at
400°C. Moreover, the large ¢ lattice parameter can recover back when
the film is cooled from 600°C to room temperature (fig. S22), further
suggesting the excellent thermal stability of the film at high tempera-
ture. In turn, we determined the ferroelectric Curie temperature (T¢)
of the films grown in different atmospheres by measuring the
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Fig. 4. Enhanced ferroelectric properties in BaTiO; film grown in nitrogen atmosphere. (A) Leakage current density as a function of DC electric field. (B) P-E loops of the
films grown in different atmospheres at 10 kHz and room temperature. (C) P-E loops of the film grown in 100% nitrogen measured at different temperatures. (D) Temperature
dependence of out-of-plane ¢ lattice constant of the film grown in 100% nitrogen atmosphere. The temperature-dependent c lattice parameters of BaTiO3 bulk and strained
films are obtained from (40). (E) Temperature-dependent p-polarized SHG intensity (45° reflection geometry and p-polarized fundamental beam, i.e., 8 = 0°) of the film grown
in 100% nitrogen. The discontinuity of SHG signal intensity with temperature is because the ramping was paused to collect polar plots at corresponding temperatures. The
inset shows polar plots of p-polarized SHG intensity (radius) versus fundamental polarization, 6 (azimuth) under different temperature. Circles and solid lines are experiment
and theory, respectively. (F) Comparison of the polarization and Curie temperature of our films grown in 100% nitrogen with other representative ferroelectrics, including
BaT|O3 (24, 40, 57), PbTIO3 (52), Pb(ZI',TI)O3 (53—56), Png1/3Nb2/303-PbTIO3 (57), B|Fe03 (34, 58, 59), SrBlzTaQOQ (60), BaT|O3Sm203 (67), BI4TI3012 (62), and Bi3,25La0.75Ti3O12 (63)

temperature dependence of the c lattice parameter (Fig. 4D and fig.
$23) and optical second-harmonic generation (SHG) (Fig. 4E and fig.
S24). As we show, two regimes of thermal expansion over the tem-
perature range from 25° to 1000°C separated by a kink that is charac-
teristic of a structural phase transition is observed. The transition is
typically attributed to the ferroelectric-paraelectric phase transition,
which results in a pronounced negative thermal expansion phenome-
non around Curie temperature (24, 40). The high thermal stability is
further supported by high-temperature annealing experiments, no
impurities occur after annealing at temperature as high as 1000°C
(figs. S25 to S27). Subsequently, the T of the films grown in 100% ni-
trogen is determined to be ~940°C, which is more than 800°C higher
than that of bulk BaTiO; (T¢ = 130°C). It is also ~300°C higher than
that of strained BaTiO; films grown on rare-earth scandate substrates
(40). We further performed SHG measurements to confirm the excep-
tional high Curie temperature of the film grown in 100% nitrogen at-
mosphere (Fig. 4E and fig. S24). Temperature-dependent SHG signal
reveals that the film retains polar at least at 900°C, with a phase transi-
tion occurs at ~950°C, consistent with the temperature-dependent
XRD results. Moreover, the enhanced ferroelectric polarization and
Curie temperature are also demonstrated in other substrates, i.e.,
DyScO5(110), and GdScO3(110), (figs. S28 to S30). We further com-
pare the spontaneous polarization and Curie temperature of the films
with other ferroelectrics (Fig. 4F). The nitrogen-doped, lead-free Ba-
TiOs3 films have higher Curie temperature than all other representative
ferroelectrics. These results reveal an approach for manipulating the
ferroelectric functionalities and enormous potential in high-
temperature ferroelectric applications.
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DISCUSSION

In summary, we demonstrate that nitrogen-incorporated BaTiO;
thin films can be synthesized by pulsed-laser deposited technique in
a nitrogen atmosphere. The nitrogen incorporation induces a uni-
lateral strong hybridization between titanium and the surrounding
anions, leading to a large titanium displacement (~0.4 A) and cor-
respondingly a large tetragonality (~1.11). As a result, the films
show large enhancement in ferroelectric polarization to ~70 pC/cm?
and T¢ to ~1213 K; values which are ~2.8 and ~3 times larger than
in bulk BaTiOs3, respectively. These results demonstrate that nitro-
gen incorporation is an effective avenue to enrich the perovskite
structure and improve the ferroelectric properties of oxide thin films.

MATERIALS AND METHODS

Epitaxial thin-film synthesis

Heterostructures were fabricated by PLD (Arrayed Materials RP-B)
technique using a KrF excimer laser (248 nm). To obtain steady state
of target surface, SrRuO; and BaTiOj; targets were sanded and suffi-
ciently cleaned before film deposition. The SrRuOj3 bottom electrodes
were grown in 100 mtorr of dynamic-oxygen pressure at 690°C from
SrRuQOj; ceramic target at a laser fluence and laser repetition rate of
1.1 J/cm? and 5 Hz, respectively. The 30-nm-thick BaTiOj3 thin films
were grown in 20 mtorr of dynamic mixed atmospheres with differ-
ent ratios of N»/O, (i.e., N»:O, ratios of 0:1, 1:2, 1:1, 2:1, and 1:0),
where the flow of N; and O; is controlled by flowmeter, while deposi-
tion temperature, laser repetition, and laser fluence are 620°C, 2 Hz,
and 1.5 J/cm?, respectively. To protect BaTiOj layer, top SrRuO;
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electrode layer has same deposition temperature (i.e., 620°C) with
BaTiO; film, while other deposition parameters are same as StRuO3
bottom electrode. Besides, to compare with BaTiO; films grown in
100% N, a larger laser fluence of 1.9 J/cm? is used to obtain high c/a
in BaTiO; films grown in 100% O, with 20 mtorr of gas pressure.

Structural analysis

The film morphology was determined by an Asylum Research MFP-
3D-Infinity atomic force microscopy. The out-of-plane lattice param-
eters and RSM were measured using a high-resolution diffractometer
with monochromated Cu Ka; source (Rigaku Smartlab 9 KW). XPS
measurements were performed using an ESCALAB 250Xi instrument
(Thermo Fisher Scientific) with the Al Ko radiation (hv = 1486.6 eV)
as the excitation source. In the XPS analysis, energy calibration was
carried out by using C 1s peak at 284.6 eV. Besides, the element ratio
is analyzed using the sensitivity factor method (28).

Cross-sectional TEM samples were prepared by slicing, gluing,
grinding, dimpling, and ion milling using a Gatan precision ion pol-
ishing system. Samples were dimpled down to 8 pm before ion mill-
ing. In the ion milling process, the initial voltage was set to 5 kV and
the angle was 9° via gradually reducing the voltage and angle to 3.5 kV
and 4°, respectively. The final voltage was set to 0.3 kV to remove the
amorphous layer produced by ion beam damage. In addition, some
lamella specimens used for the TEM investigations were prepared by
focus ion beam (FIB) system. Fischione NanoMill (mode 1040) oper-
ated at 500 eV was used to remove surface damage and contamination
layers of the lamella specimens. An FEI Titan 80-200 ChemiSTEM
microscope, equipped with annular detectors, a Super-X energy-
dispersive x-ray spectrometer and a Gatan Enfinium ER (model 977)
spectrometer, was used to characterize the atomic-scale structure in-
formation. The convergence semi-angle is 24.7 mrad and the collec-
tion semi-angle is 21.7 mrad at a dispersion of 0.25 eV/channel. iDPC
images and EELS maps were recorded using aberration-corrected
(scanning) transmission electron microscope [Titan Cubed 60 to
300 kV microscope (FEI) equipped with double Cs corrector from
CEOS, and operated at 300 kV]. We adjusted the brightness and con-
trast of the entire iDPC images. The iDPC images were filtered.

Ferroelectric measurements

To suppress extrinsic metal-ferroelectric interface effects (i.e., imprint,
asymmetric leakage, and lossy dielectric responses), the symmetric
capacitor devices SrRuO3/BaTiO3/SrRuO; were prepared using wet
chemical etchants and the detailed experimental progress can be ob-
tained in (41). The electrode area was carefully calibrated to determine
polarization value of the films. P-E hysteresis loop measurements were
performed with a TF 3000 analyzer (aixACCT). The leakage behaviors
of the thin films were analyzed using a Keithley 4200A-SCS semicon-
ductor parameter analyzer. The temperature-dependent ferroelectric
properties measurements were performed using a Semishare high-
precision probe station (Semishare E4).

SHG measurements

SHG measurements were carried out with a pulsed fundamental
beam generated by a regeneratively amplified Ti:sapphire system
(wavelength of 800 nm and repetition rate of 1 kHz) in reflection
geometry with the laser beam making the angle of 45° to the surface
normal of the film. The polarization of the fundamental beam was
rotated by an angle of 0 by a half-wave plate, and the p-polarized and
s-polarized SHG light was detected by a photomultiplier tube after
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passing through an analyzer. The temperature dependence of p-
polarized SHG intensity (6 = 0°) was recorded on the heating pro-
cess from 30° to 1000°C with Linkam stage. During the process, the
ramping was paused and the temperature was stabilized at 400°,
600°, 700°, 800°, 900°, and 950°C to collect isothermal polar plots.
Outlier values caused by an instant intensity fluctuation of the fun-
damental beam were excluded from the SHG intensity versus tem-
perature plot. The theoretical expressions for the p-polarized and
s-polarized SHG intensity (I° and I?, respectively) are

s +f5d

2
I;‘” x <fplfpsd15 + %) (cos®)* +fs4d§1(sin9)4

fpld31 +ﬁ>3d33 )
2

+2 <J;J;,3d15 + f2d;,(sin26)*, and I’ o f2d2, (sin26)”

where dj; represents the SHG coefficients, and f;, f,1, and f,; are the
Fresnel coefficients.

Soft XAS

The XAS spectra were obtained at the TPS45A beamline of the Na-
tional Synchrotron Radiation Research Center in Taiwan. A single
crystal SrTiO; was simultaneously measured for energy calibration.

Full multiplet Cl cluster calculation

In this theoretical approach, we build up the many-body quantum
bases to take full advantage of the electron-electron multiplet effect
and the spin-orbital coupling, which strongly influence the shape of the
XAS lines. Parameters related to the electrons multiplet effect used in
the calculations are: Fd d=737¢eV, Fd =460V, Fp 1 _4.46 eV,
GP 1=319ev, Gp 4=181eV. And the mono part of Coulomb
repuls1ons areUy; =5.0eVand U, = 6.5 V. The parameters related
to spin-orbital coupling are: éd_d =0.016eVand §,_; =3.927¢V.
For the local solid-states effect, we used the expansion of spherical
harmonics to describe the crystal field potential around Ti ion and
treated the surrounding oxygen and Ba ions as point charges:

1 k
PP e
=0 m=—k

where (r?) =0.28 A%and (r*y =0.43 A" were used in the calcula-
tions. As for the O 2p-Ti 3d hybridization, we followed the pre-
scription developed by Harrison (42). With this calculation we can
evaluate the effect of the displacement of the Ti ion from its high
symmetry point in the TiOg cluster on the XLD spectra.

V(r,0,¢) = 2k 1 Y ()

First-principles calculations

First-principles calculations were performed within the density
functional theory formalism using the projector augmented wave
method as implemented in the Vienna Ab initio Simulation Package
(43 44) The followm% valence electrons were treated explicitly: Ba
5575p%6s%, Ti 35°3p®3d°4s%, O 25°2p*, and N 25°2p°. The generalized
gradient approximation Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional was used in the modified form for solids
(PBEsol) along with a plane wave cutoff energy of 500 eV (45, 46).
For the 5-atom perovskite unit cell, we used a 16 X 16 X 16
Monkhorst-Pack k-point mesh to optimize the structure until the
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Hellmann-Feynman force on each atom was less than 0.0001 eV/A.
The optimized bulk BaTiOj lattice constants a = 3.971 Aandc=4.056 A
are in good agreement with the previous computations (47, 48).
When simulating BaTiO3 on SrTiOj; substrate as in our experiment,
an in-plane biaxial strain of —2.23% relative to the relaxed BaTiO3
structure was applied. For defect structures, a 3 X 3 X 3 supercell in
terms of 5-atom pseudo-cubic perovskite cells was adopted, and
2 X 2 X 2 Monkhorst-Pack k-point mesh was used. Relaxations
were performed until the Hellmann-Feynman force was less than
0.01 eV/A. The polarization was obtained via the Born effective
charges. Calculations of the defect structures were based on the
3 X 3 X 3 supercell (containing 135 atoms) under the strain condi-
tions that correspond to SrTiOs substrate (—2.23%). As reported in
other perovskite oxynitride epitaxial thin films (7, 8), misfit strain
can play a pivotal role in controlling the orientation of the Ti-N
complex and determining the specific nitrogen locations within the
oxygen octahedron. Furthermore, since nitrogen has a larger ionic
radius than oxygen (I14), the substrate-induced compressive strain
would favor the location of nitrogen along out-of-plane direction
and result in a specific, predominantly out-of-plane macroscopic
lattice expansion (7, 49). This preference corresponds to the prefer-
ential occupancy of nitrogen substitution at the apical site. Our cal-
culation results further demonstrate that the apical substitution is
numerically found to be energetically more favorable compared
with the equatorial site, e.g., 446.1 meV/f.u. (or 2.4 meV/f.u.) lower
by substituting one O with N in the unit cell (in the 135-atom super-
cell), consistent with previous studies (7, 8, 49). The charge density
was calculated and visualized using VESTA software (50).
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