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Strong coupling between polarization (P) and strain (g) in ferroelectric complex
oxides offers unique opportunities to dramatically tune their properties. Here
colossal strain tuning of ferroelectricity in epitaxial KNbO, thin films grown
by sub-oxide molecular beam epitaxy is demonstrated. While bulk KNbO,
exhibits three ferroelectric transitions and a Curie temperature (T,) of %676 K,
phase-field modeling predicts that a biaxial strain of as little as —0.6% pushes
its T, > 975 K, its decomposition temperature in air, and for —1.4% strain, to
T, > 1325 K, its melting point. Furthermore, a strain of —1.5% can stabilize a
single phase throughout the entire temperature range of its stability. A combi-
nation of temperature-dependent second harmonic generation measurements,
synchrotron-based X-ray reciprocal space mapping, ferroelectric measure-
ments, and transmission electron microscopy reveal a single tetragonal phase
from 10 K to 975 K, an enhancement of ~46% in the tetragonal phase remanent
polarization (P,), and a #200% enhancement in its optical second harmonic
generation coefficients over bulk values. These properties in a lead-free
system, but with properties comparable or superior to lead-based systems,
make it an attractive candidate for applications ranging from high-temperature
ferroelectric memory to cryogenic temperature quantum computing.

1. Introduction

The ability to apply large strains in epi-
taxial thin films makes it possible to engi-
neer emergent phases in materials with en-
hanced material properties that are inacces-
sible in their bulk form."") Owing to a strong
coupling between strain and polar order
in ferroelectrics, large shifts in properties
such as paraelectric-to-ferroelectric transi-
tion temperature (T,) and remanent po-
larization (P,) have been theoretically pre-
dicted and experimentally observed.!?®] No-
table examples of strain-enhanced proper-
ties and tunable phase transitions in per-
ovskite oxides include a large shift in T,
in BaTiOs,[?! observation of room temper-
ature ferroelectricity in quantum paraelec-
tric SrTi0,,>* and the realization of super-
tetragonal BiFeO,.l’] Given that there are
practical limits to epitaxially straining a ce-
ramic thin film on a rigid single crystal sub-
strate to typically a few percent (a maximum
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of 6.6% has been demonstrated”)), one ideally desires the
maximum strain tunability of the film properties, measured in
units of property per unit strain, such as &L and &

Moreover, to achieve the desired phasfe over a broad tem-
perature range, undesirable thermal phase transitions require
suppression. For instance, in BaTiO,-based electrooptic modu-
lators employed in quantum computing at cryogenic tempera-
tures, symmetry-lowering phase transitions in BaTiO; signifi-
cantly diminish the superior electrooptic properties of the room-
temperature tetragonal phase.l®] Stabilization of the tetragonal
phase in this system at cryogenic operational temperatures would
thus be ideal. For high-temperature ferroelectric memory and ac-
tuation applications, the stabilization of ferroelectricity at high
temperatures through a large T, is desired. Further, environmen-
tally benign ferroelectrics!®!% are desired, in contrast to Pb-based
ferroelectrics.

Strain tuning of environmentally benign perovskite alkali nio-
bates have been explored due to their strong ferroelectricity,!'!]
piezoelectricity,'*13] and nonlinear optical responses.'*] In
(Na,K)NDbO, films, strain tuning proves to be an effective pathway
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to control phase transitions,!'>1¢ while allowing properties com-
peting with those of Pb-based ferroelectrics.'”] Unfortunately,
NaNDbO; is highly polymorphic as compared with KNbO;, mak-
ing pure KNbO, a more suitable material system to establish
a single structural phase across a large temperature range.!l'8]
While strain-relaxed KNbO, films have been studied,'*2*! strain
tuning of this Pb-free, environmentally benign system has not
been explored thus far. Furthermore, prior demonstrations of the
growth of KNbO;, on a silicon substrate(?>2%] make KNbO, appeal-
ing for semiconductor device integration.

In this work, we demonstrate that strain-tuning of KNbO, pro-
vides a colossal strain tunability of its T, while retaining the de-
sirable tetragonal phase from 10 K to 975 K, its decomposition
temperature in air. Strain mediates the stabilization of a supe-
rior tetragonal phase in KNbO;, mimicking the tetragonality of
PbTiO, but with much higher T, and significantly larger nonlin-
ear optical coefficients.

2. Theory Prediction of the Strain Phase Diagram

Bulk KNbO, has a rich phase diagram undergoing a series of
phase transitions from cubic to tetragonal at 676 K, tetragonal to
orthorhombic at 492 K, and eventually orthorhombic to rhombo-
hedral at 223 K.l To predict the influence of biaxial strain on the
lattice parameters and temperature-dependent phase diagram of
KNDO;, we performed phase-field simulations of biaxially com-
pressed KNbO; thin films.

Figure 1a depicts the phase diagram predicted from phase-
field simulations as a function of biaxial epitaxial strain,
€ = (a,—a,)/a,, where a, is the effective cubic lattice parameter ex-
trapolated from the high-temperature KNbO; cubic phase and ¢
is the in-plane lattice parameter of the biaxially strained KNbO;.
Under a compressive strain of ~ —0.7%, it is possible to stabi-
lize the high-temperature tetragonal phase at room temperature
where the orthorhombic phase is observed in its bulk counter-
part. Further, a strain of & —1.5% is sufficient to stabilize the
tetragonal phase down to 0 K, eliminating all other phase tran-
sitions. At such strains, the Curie temperature, T, is predicted to
be enhanced beyond its melting temperature of 1325 K!'8] as seen
in Figure 1la. Strikingly, the rate of change of T, with respect to
strain, i.e., %, is predicted to be a factor of ~3 x higher com-
pared to most well-known ferroelectrics as shown in Figure 1D,
while its rate of change of remanent polarization with respect to
strain, 2=, is predicted to be intermediate between that of tetrag-
onal BiFe0,?’] and PbZr, ,Ti,,0,.12%!

The superior stability of the tetragonal phase under higher
compressive strains is driven by its better match with strain con-
ditions imposed by the substrate, resulting in minimal elastic en-
ergy in comparison to other possible phases. For lower compres-
sive strains, KNbO; is predicted to undergo a transition from the
tetragonal to alower symmetry monoclinic phase instead of an or-
thorhombic phase as seen in bulk KNbO,. This is because of the
large enhancement of the c/a lattice parameter ratio (Figure 1c)
due to the epitaxial clamping to the substrate, effectively distort-
ing the orthorhombic phase in bulk KNbO, into a monoclinic
phase under compressive strain (see Supporting Information).
At room temperature, the c/a ratio increases from its bulk value
of ~#1.01 (similar to that of bulk BaTiO;) to a value of ~#1.07 (larger
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Figure 1. a) Thermodynamic phase-field simulations of biaxially compressed KNbO;. The three different strain films on SrTiO3, DyScO3, and GdScO;
studied here are marked by red, blue, and violet lines. Legend for numerically labeled phases: 1: Pm, 2: Cm, 3: Amm2, 4: Phase mixture of P4mm with
c-axis poled in the in-plane direction and out of-plane direction. Blue and violet stars indicate the onset of the tetragonal-to-monoclinic transition temper-

ature observed experimentally. b) = and

plotted for KNbO; in comparison to related materials: BaTiO5,[27.7%] PbTiOs,[1:27:76] PbZr, 5 Tij ;04,2871

SITiO;, 378 KTa04,[7%80] and B|FeO 7, 2781] 'LE for KNbO; is labeled by predicted values from phase-field simulations. c) ¢/a ratio (out-of-plane to

in-plane lattice parameter ratio) plotted as a function of strain experimentally measured for KNbOj5 thin films at room temperature compared to phase-
field predictions, DFT calculations, and elasticity theory calculations (see Supporting information), showing the effect of strain in enhancing the stability

of the tetragonal phase in KNbO;.

than that for bulk PbTiO;) at —2.7% strain. The polarization di-
rection and lattice structure of the strain-stabilized tetragonal and
monoclinic phases in the KNbO, thin films are shown in Figure
S1 (Supporting Information).

Density functional theory calculations also predict the stabil-
ity of the monoclinic phase to be comparable to the tetragonal
phase for intermediate strains (Figure S2, Supporting Informa-
tion). From finite-temperature phase-field simulations, it is evi-
dent that for higher compressive strains (more than ~ —1.5%)
all symmetry-lowering phase transitions can be eliminated and
the single desirable tetragonal phase can be stabilized across the
entire temperature regime from 0 Kto T..

From thermodynamic calculations, the Curie temperature, T,,
for the tetragonal c-phase under a biaxial compressive strain (c-
axis perpendicular to the substrate) is given by,

T.(e)=T (e=o>+4eOC<SHQT“SU> le] 1)

where C is the Curie-Weiss constant, Q is the electrostrictive co-
efficient, S is the elastic compliance, and ¢, is the vacuum per-
mittivity. Comparing the C, Q, and S of KNbO, versus those for
PbTiO;, BaTiO; and SrTiO;, (Table S3 Supporting Information)
it is evident that the strong sensitivity of T, to strain is predomi-
nantly due to a larger electrostrictive coefficient, Q,;, in KNbO;.

For example, C, T , and Q,; are ~6%, ~40%, and ~200%
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larger in KNDbO, relative to PbTiO,, thus leading to a &3 X larger
dr,
T .

’ Following Equation (1), it is evident that a larger Q,; and lower
S;; + Sy; translates to a higher T, and ﬂ Unfortunately this lin-

ear relationship does not extend to the case of P, and 2, where
there are optimal values for Q and S which maximize P, and
2 as shown in Figure S3 (Supporting Information). In partic-
ufar the Q;; and S;; + S5 values of I(NbO3 do not optimize the
maximum possible value of P, and * d— ; nonetheless these values
are highly competitive with other material systems as shown in

Figure 1b.

3. Epitaxy and Phase Transitions by Optical Second
Harmonic Generation

To experimentally measure the strain phase diagram, single crys-
tal (001). StTiO;, (110), DyScO;, and (110), GdScO; (subscript
“c” for cubic, “0” for orthorhombic) were used as compatlble
substrates, which allows us to impart compressive strain, €, of
~—=2.7%, —1.6%, and —1.1%, respectively, on (001) KNbO, films.
(To be precise, the biaxial in-plane strain for the scandate sub-
strates is anisotropic, namely —1.65% and —1.5% for DyScO,,
and —1.15% and —1.05% for GdScO;. Note that this difference
was not experimentally resolved and is hence ignored in the rest
of this study). Epitaxial KNbO, thin films were grown by subox-
ide molecular-beam epitaxy with in situ reflection high-energy
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Figure 2. a) Schematic of second harmonic generation (SHG) setup in reflection geometry. b) SHG polar plots for KNbO; on GdScO; at 300 K (upper
panel) and 10 K (lower panel) fitted to tetragonal and multidomain monoclinic models, respectively, showing symmetry lowering from room temperature
to low temperature consistent with phase-field predictions. Equations for SHG modeling are discussed in the Supporting information. c¢) Normal and
oblique-incidence SHG intensity versus temperature between 10 K and 900 K shown for bulk KNbOj5 single crystal, and strained KNbOj; films on GdScOs;,
DyScOj3, and SrTiO; substrates. Bulk phase transition temperatures are consistent with previous reports. Normal-incidence SHG signal (red traces)
shows signatures of transition from tetragonal to a lower symmetry monoclinic phase since it is sensitive only to the latter phase. With increasing
compressive strain, this symmetry-lowering phase transition (marked by green regions) is pushed down in temperature and eventually eliminated in the
highest strained KNbO;3 on SrTiO3. d) Nonlinear optical coefficients (d;3) calculated from SHG modeling for KNbOj; thin films for both 300 K and 10 K
compared to bulk room temperature values in similar materials. Due to the multidomain model for the low temperature monoclinic phase, only a lower

bound for the dy; monoclinic coefficient could be extracted.

electron diffraction (RHEED) (Figure S4, Supporting informa-
tion). Atomic force microscopy (AFM) was used to confirm
smooth surface morphology with root-mean-square (rms) rough-
ness < 1 nm for all three films (Figure S5, Supporting infor-
mation). X-ray reciprocal space mapping (RSM) confirms the
commensurately strained nature of the thin films on all three
substrates (Figures S6 and S7, Supporting information). Cross-
sectional transmission electron microscopy shows a uniform in-
terface structure with minimum interface intermixing, with the
film being coherently strained to the substrate with no extended
defects (Figures S8-S11 Supporting information). X-ray photoe-
mission spectroscopy confirms the expected valence states of K,
Nb, and O in KNbO; films (Figure S12, Supporting Information).
To experimentally identify the phase diagram of the strained
KNDbO, thin films, temperature-dependent second harmonic
generation (SHG) measurements were performed. Electric-
dipole SHG is a nonlinear optical process where incident light
at the fundamental frequency of w is converted into the SHG
frequency of 2w due to the broken inversion symmetry in the
material.[?) A schematic of the setup used for SHG measure-
ments is shown in Figure 2a. By rotating the incident polariza-
tion of light at the fundamental frequency, SHG polar plots can
be measured corresponding to two orthogonally polarized (s and
p-polarized) second harmonic light reflected from the sample sur-
face; this is called SHG polarimetry. By fitting the polar plots, the
point group symmetry of the thin films can be determined.

Adv. Mater. 2024, 36, 2408664 2408664 (4 of 12)

Figure 2b shows the oblique incidence SHG polarimetry
for the KNbO,; on GdScO, film (lowest biaxial strain, € =
—1.1%) at 300 K fitted to a 4mm (tetragonal) model (see Sup-
porting information), validating the influence of the strain in
stabilizing a tetragonal phase of KNbO, at room temperature
even for the lowest strained thin film of the set. A tetrago-
nal unit cell with polarization completely out-of-plane will ex-
hibit no SHG signal at normal incidence. Nonetheless, sym-
metry lowering from a tetragonal to a lower symmetry phase
will generate SHG at normal incidence due to the appear-
ance of an in-plane polarization component in lower symme-
try phases. Temperature-dependent SHG at normal incidence
indeed shows that KNbO; on GdScO,; undergoes critical be-
havior 275 K, below which a non-zero SHG intensity is ob-
served in this geometry (Figure 2c). In oblique incidence, the
SHG intensity increases below ~275 K reaching 10 X the
room temperature intensity at 10 K. Following phase-field pre-
dictions, the low-temperature SHG polarimetry can be fitted
to a multidomain monoclinic m model (see Supporting infor-
mation), shown in the lower panel of Figure 2b for KNbO,
on GdScO; at 10 K. Note that a multidomain orthorhom-
bic mm2 symmetry can also be used to fit the polar plots at
low-temperature. Hence, to conclusively determine the symme-
try of the low-temperature phase, complementary temperature-
dependent x-ray diffraction studies are necessary as discussed in
Section 4.
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The phase transition from tetragonal to a lower symmetry
phase is further suppressed to ~#150 K for the KNbO; on DyScO,
film (¢ & —1.6%), while for the highest strained KNbO; on
SrTiO; (¢ & —2.7%), the low-temperature phase is completely
absent, as evidenced from the temperature-dependence of nor-
mal and oblique incidence SHG amplitude as well as from the
SHG polarimetry for both films (Figures S13 and S14, Sup-
porting information). The observed phase transition tempera-
tures are consistent with phase-field predictions and reflect the
influence of strain in favoring a tetragonal phase in KNbO;.
Furthermore, it is noteworthy that the rhombohedral phase
which appears in bulk KNbO; below 225 K is completely sup-
pressed in all these films, even for the lowest strained sample on
GdScO,.

On the high-temperature end, the strain-stabilized tetrago-
nal phase persists on heating up until 900 K for all three
films, with no appreciable change in the measured SHG inten-
sity. This suggests the robustness of the tetragonal phase. To
test the highest operating temperature possible for the KNbO,
films, a KNbO; film on GdScO; was heated in air to tem-
peratures higher than the film growth temperature (2925 K).
The film shows signs of decomposition evidenced by the de-
clining SHG intensity when heated beyond ~975 K, while
still maintaining a tetragonal symmetry that persists when
cooled back down to room temperature (Figure S15, Supporting
Information).

By benchmarking the SHG polarimetry to a reference sample,
nonlinear optical coefficients are derived using the #SHAARP.ml
package,**3! and is discussed in further detail in Supporting In-
formation. The measured d,; coefficient in strained tetragonal
KNDO, is shown in Figure 2d in reference to other similar ferro-
electrics, reflecting a #200% enhancement of the dy; coefficient
as compared to the bulk KNbO, values while ~50% higher than
bulk PbTiO; values.[*”] Since at low temperatures, the films have
multiple domains, extracting the full SHG tensor at low tempera-
tures is challenging. From multi-domain modeling however, only
a domain area-fraction scaled d,;d coefficient can be estimated
which is ~44 pm V- at 10 K. Since the domain area-fraction is
strictly less than 1, this value should be considered only as a lower
bound estimate of the low-temperature d,; coefficient, i.e., d;; >
44 pm V-1,

4. Structural Characterization by X-Ray Diffraction

To elucidate the structural phase transition to a lower symmetry
phase upon cooling, the temperature-dependent out-of-plane lat-
tice parameter was measured for the KNbO, thin film grown on
GdScO;; this is the film with the lowest strain (—1.1%). As shown
in Figure 3a the KNbO, film undergoes a change in its thermal
expansion coefficient at 275 K, as extracted from the slope of
lattice parameter variation versus temperature. This observation
points to a film structure change that agrees with the SHG ob-
servations of the symmetry lowering at the same temperature of
275 K.

Additional 3D RSMs were obtained by synchrotron X-ray
diffraction that shed more light on the nature of these obser-
vations. Diffraction images were collected with a large area de-
tector with an incident X-ray photon energy of 50 keV, which al-
lows sampling large reciprocal space volumes extending from 0
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t0 6.5 A1 in the out-of-plane direction and from —5 to 5 A~! in the
in-plane direction. In this configuration, the RSM measurements
covered several peaks that are compared to each other to sug-
gest a domain-averaged tetragonal structure for the KNbO, film
(Figure S16, Supporting information). Unfortunately, the sym-
metry of the film structure may remain hidden in the domain-
averaged measurements. For this reason, the diffuse scattering
patterns around selected peaks are more closely inspected that
provide added information about the domain arrangements in
the film. A 213, peak is chosen as a representative peak since this
peak is sensitive to in-plane polarization components along both
[100] or [010] directions. For the case of KNbO, on GdScO, at 400
K, the 2D RSM of the film peak around the 213, GdScO, peak
(Figure 3b) shows film-substrate commensuration where addi-
tional diffuse scattering patterns near the film peak could not be
observed. In the case of low-symmetry phases, we would have ex-
pected the formation of ferroelastic twins to generate diffuse scat-
tering around the film position, whereas, in a tetragonal phase
that is fully polarized out-of-plane as indicated by SHG measure-
ments, the ferroelastic twin formation is not expected. Thus, X-
ray measurements are consistent with the SHG measurements
and the phase-field simulations in observing a tetragonal phase
at >275 K. When cooled down below the phase transition tem-
perature, the KNDO, film peaks develop diffuse scattering pat-
terns nearby, which correspond to the formation of twins with an
in-plane periodic arrangement. This reflects the symmetry low-
ering from the high-temperature tetragonal structure to a low-
temperature monoclinic phase for the —1.1% biaxially strained
thin films, supporting the SHG observations. The tilt of the dif-
fuse satellite peaks can be directly correlated to the tilt of the mon-
oclinic domains themselves relative to the substrate.3*34] Aver-
aging over several peaks (Figure S17, Supporting Information),
this tilt is measured to be 17° + 4° away from the [110] in-plane
direction toward the [001] out-of-plane direction, which agrees
with the phase-field microstructure modeling of monoclinic do-
mains at 100 K, which shows a similar tilt of ~#19° away from
the [110] direction (Figure 3c, left and bottom panels). Diffraction
simulation of the phase-field microstructure at 100 K (Figure 3d)
also supports this expectation where diffuse satellites around the
213, KNbO, peak show the same tilt of #19°, emphasizing the
connection between the tilt of the satellite peaks and the tilt of
the domains themselves. The same tilt is similarly observed for
diffraction simulations around several other peaks as well (Figure
S17, Supporting Information) which considerably strengthens
our claim. In comparison, diffraction simulation of the phase-
field microstructure at 400 K (Figure 3d, right panel) shows dif-
fuse scattering around the 213, KNbO, peak without any tilt, con-
sistent with the formations of only tetragonal domain variants
with polarization along the [001] or [001] directions with 180° do-
main walls between them. The experimentally measured RSM at
400 K does not show such diffuse scattering patterns around the
film peak. This is due to the absence of 180° tetragonal domains
in these films. Only the polarization direction pointing upwards
from the substrate appears to be stable as confirmed by piezore-
sponse force microscopy measurements (Section 5 and Figure
S23, Supporting Information). Additionally, the experimentally
observed diffuse satellite peaks at 100 K correspond to an in-plane
domain periodicity of ~27 nm in agreement with the ~22 nm pe-
riodicity predicted by phase field modeling.
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Figure 3. a) (Upper panel) Out-of-plane lattice parameter measured for the KNbO; film grown on a GdScOj; substrate deduced from the position of the
002, specular peak between 200 K and 400 K, showing a change of the thermal expansion coefficient at 275 K. The phase transition temperature from
the X-ray agrees with the SHG measurements (lower panel, zoomed in from Figure 2c). b) Synchrotron-based x-ray reciprocal space maps (RSM) at 400
K and 100 K for the KNbO; film grown on a GdScOj; substrate around the 213, (¢ stands for cubic) substrate Bragg reflection (tetragonal to monoclinic
phase transition found from SHG at 275 K). The strong diagonal streak passing through the substrate peak is an artifact due to the spreading of the
signal on the area detector for high intensity and is oriented along the Ewald sphere. Both at 400 K and 100 K, the films are coherent to the substrate
but at 100 K, the film peak develops diffuse satellite peaks which are attributed to the formation of periodic monoclinic twin domains. The satellite
peaks are tilted away from the in-plane [110] direction toward the [001] direction by 17° & 4° calculated by averaging over several peaks. The domains
exhibit a 27 nm periodicity in the [110] direction extracted from the satellite peak separation. c) (left panel) Phase-field simulated microstructure at 100 K
showing monoclinic domains consistent with the domain pattern experimentally observed (left panel of (b)). A vertical cut of this microstructure is
shown in the bottom panel along the [110] direction (bottom panel) revealing a tilt of the domain by 19° similar to experimental observations (left panel
of (b)). Predicted domain periodicity is measured to be ~#22 nm through phase field simulations matching the experimental observation (~27 nm). Phase
field simulated microstructure at 400 K shows tetragonal domains with no in-plane periodic structures (right panel) consistent with right panel of (b).
d) Diffraction simulation of the phase field microstructure at 100 K and 400 K around the 213, KNbO; peak (zoomed in to match g-vectors corresponding
to dotted boxs in panel (b)) showing a 19° tilt in the diffuse satellites at 100 K matching experimental observations whereas no tilt is seen corresponding
to the simulation at 400 K.

the top of the film. When poled down by applying a bias using
the PFM tip, the strong upward built-in field (0.8 MV cm™)
causes the downward polarization to relax back to the upward
state in seconds (Figures S21-S23, Supporting Information). I-
V measurements (Figure 4b) at a frequency of 100 kHz from the
capacitors show clear switching current peaks on the negative
voltage side, while a high leakage current appears on the pos-
itive voltage side obscuring the switching current signal. Addi-
tional testing shows that the high leakage on the positive volt-
age side increases with time. In addition, it can also be seen in
Figure 4b that the current for the voltage decreasing from 4 to
0V is higher than that for the voltage increasing from 0 to 4 V.
This leakage, which cannot be subtracted using a standard PUND
(positive-up-negative-down) method,**! prevents measurements
of the switching current on the positive bias side. In contrast, the
switching current can be measured on the negative bias side us-
ing the PUND method (Figure 4c). The extracted switching cur-
rent peak shows a switching time for the 5 X 5 um? capacitors
on the order of 80 ns and a P, of ~38 uC cm~2. Nonetheless, fur-
ther investigation reveals that there is a dynamic leakage current
during the polarization switching process that is not subtracted
with the standard PUND method (Figure S22, Supporting In-
formation), which suggests that the calculated polarization value
is perhaps overestimated.[337] Polarization switching in KNbO,

5. Ferroelectricity

To test the ferroelectric behavior of KNbO;, thin films were
grown on SrTiO; and DyScO, substrates with a 15 nm thick
SrRuO; Dbottom electrode layer. RHEED and RSMs were
performed to confirm the crystallinity and commensurate
strain nature of the films on the substrate (Figures S18
and S19, Supporting Information). Cross-sectional TEM of
KNDO,/SrRu0,/SrTiO, films shows a uniform interface struc-
ture without any extended defects suggesting high-quality epitax-
ial growth (Figure S11, Supporting Information). Temperature-
dependent SHG on KNbO, films with SrRuO,; bottom
electrode shows no effect of SrRuO; on the phase transi-
tion temperatures of the KNbO, films (Figure S20, Supporting
Information).

Piezoresponse force microscopy (PFM) and electrical mea-
surements of the switching current were performed on the
Pt/KNDbO,/SrRu0,/DyScO; capacitors with 21.8 nm thick
KNDbO;. Figure 4a shows a representative PFM switching spec-
troscopy loop obtained at an arbitrary location on the capacitor
at a quasi-static frequency of 0.2 Hz, which exhibits standard
ferroelectric d,;-V behavior with coercive voltages of —0.5 and
2.2 V. The films appear to be self-poled in the as-grown state
with a remanent polarization, P,, pointing from the bottom to
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Figure 4. PFM switching spectroscopy and electrical measurements of the switching current on the 5 x 5 um? Pt/KNbO; /SrRuO; /DyScO; capacitors. a)
PFM switching spectroscopy measured at an arbitrary location on the capacitor shows standard ferroelectric ds3-V behavior. b) |-V measurement shows
switching current peaks on the negative voltage side, while high leakage current smears out the switching peak on the positive side. The inset shows a
schematic band diagram of KNbO; depicting the measured Schottky barrier heights at both Pt-KNbO; and SrRuO;-KNbO; interfaces and the known
F-center (Oxygen-vacancy which traps electrons) energy level in KNbO;.[4344] ¢) PUND measurement of the switching peak at —4 V shows a switching
time in the order of 80 ns and a remnant polarization of ~38 uC cm~2. d) Comparison of polarization versus strain predicted from phase-field simulations
and DFT calculations along with experimentally observed value from PUND measurements. All values are for the tetragonal phase of KNbO;.

films on DyScO, and SrTiO, substrates with SrRuO, bottom elec-
trode have also been confirmed with PFM measurements (Figure
S21, Supporting Information), where the presence of the strong
upward built-in fields causes the polarization down state to be
very unstable, and the as-grown films are preferentially in the
upward single domain states. Figure 4d shows a comparison of
the measured P, with predicted P, values from phase field simu-
lations and PBEsol calculations, indicating further room for the
enhancement of the experimental P,.

Our current PFM measurements on the Pt/KNbO,/SrRuO,
capacitors show asymmetric leakage currents for opposite po-
larities. To understand the origin of the leakage current,
temperature-dependent IV measurements under DC bias were
performed on Pt/KNbO,/SrRuO,/SrTiO; capacitors. The IV
measurements can be fitted to a Schottky emission model
(Figures S24 and S25, Supporting Information), suggesting
electrode-film interface-controlled Schottky emission to be one of
the dominant contributors of leakage in KNbO, films. The esti-
mated Schottky barrier height is 0.4 + 0.04 eV for the Pt/KNbO,
interface and 0.25 + 0.03 eV for the SrRuO,/KNDbO; interface.
The asymmetric Schottky barrier height is responsible for the
asymmetric leakage current and is due to the different work func-
tions of Pt (5.6 eVI*8)) and SrRuO; (5.2 eVP*”) electrodes and dif
ferent interface chemistry at each interface (Figure 4b).

Adv. Mater. 2024, 36, 2408664 2408664 (7 of 12)

To further explore the dielectric response and additional
charge transport mechanisms in the KNbO, film, temperature,
and frequency-dependent modulus spectroscopy measurements
were performed. The frequency-dependent imaginary part of the
electric modulus shows a dielectric relaxation peak with a corre-
sponding Arrhenius activation energy of 0.45 + 0.04 eV (Figure
S27, Supporting Information). We hypothesize that this relax-
ation process is related to the polaron hopping mechanism which
has previously been observed in KNbO; single crystals.[**#!] Due
to high K vapor pressure, K vacancies are common in KNbOj;,
which subsequently leads to oxygen vacancies. Since these oxy-
gen vacancies are necessary for charge neutrality, they are ther-
modynamically stable and cannot be removed via an annealing
process. Oxygen vacancies can also be formed due to oxygen leav-
ing lattice positions serving as electron donor defects leading to
carrier injection in KNbO,.l*?] Oxygen vacancies can contribute
to both electronic and ionic conductivity in KNbO, films. Oxy-
gen vacancies in KNbO; can also serve as electron trapping sites
(F-center) which produces deep energy levels, ~2.2 eV below the
conduction band.[***4] Finally, migration of K* ions and oxygen
vacancies (activation energies of 0.6 and 1.2 eV respectively)*!
and the formation of conductive domain walls and pinholes
across a thin film can also contribute to leakage in KNbO; thin
films.
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Our present investigations in strain-tuned KNDbO, films
present a unique opportunity in KNbO,; where strain can not
only be employed to enhance ferroelectric properties in KNbO,
but also these properties can be accessed stably across a wide
temperature range of operation by pushing out phase transitions
which would otherwise lead to divergence of ferroelectric proper-
ties. Though further work is necessary to understand the nature
and role of intrinsic defects in KNbO; thin films, SHG experi-
ments show the robustness of KNbO, films at high temperatures
ranging up to ~975 K. Notably, surface capping of KNbO;, the
development of KNbO;-based superlattice heterostructures, and
slightly doping the film with electron acceptors would not only
further enhance the stability of KNbO, from the formation of in-
trinsic K and O vacancy point defects, but also would allow the
growth of thicker coherently strained films avoiding mechanical
sources of leakage like pinhole formations.

6. Conclusion

In summary, our experiments and simulations demonstrate that
biaxially strained KNbO, films result in the stabilization of a sin-
gle tetragonal phase throughout the entire temperature range
from 10 K to 975 K in contrast to four competing phases observed
in bulk single crystals; this is challenging to achieve in other com-
peting Pb-free ferroelectrics such as BaTiO; and Na,K; ,NbO;.
Concomitantly, a large enhancement in the tetragonality through
strain is observed with its ¢/a ratio reaching values that exceed
even those of bulk PbTiO;. A #200% increase in the tetragonal
phase optical second harmonic generation coefficients over bulk
single crystal values is observed. A dramatic T, enhancement well
beyond its decomposition and melting temperatures are seen
with a 3 X higher tunability, %L as compared to all other strain-
tuned perovskite oxides. A broad design trend gleaned from this
study is that for tetragonal perovskite ferroelectrics, a high T,
is achieved by maximizing electrostriction and minimizing elas-
tic compliance (Figure S3, Supporting information). Importantly,
there are optimal values of electrostriction and compliance that
maximize P,. For KNbO;, its superior electrostriction and low
elastic stiffness coefficients compared to similar materials result
in a large and highly strain-tunable T, in addition to a competi-
tive magnitude and tunability in P,. All these observations render
strained KNbO, thin films as a strong, thermally stable lead-free
ferroelectric with a large operating temperature regime suitable
for a wide range of applications.

7. Experimental Section

Thin Film Synthesis and Characterization:  Epitaxial thin films of KNbO;
were grown using a Vecco Gen 10 MBE system. A molecular beam of NbO,
(gas) flux was generated from an effusion cell containing Nb,O5 (H.C.
Stark 99.99%) contained in an iridium crucible. NbO, is the most volatile
species in the growth temperature range.[*] Potassium was evaporated
from an effusion cell containing an indium-rich (~4:1 In:K ratio) mixture
of potassium and indium so it forms the air-stable intermetallic In4K.[47]
The K-In alloy was prepared in a glove box and contained in a titanium
crucible. Once prepared, it can be exposed to air, facilitating its handling
and loading. The vapor pressure of potassium was more than 100 times
higher than indium at the K-In cell temperature of 300 - 400 °C.[*8] GdScO,
(110),, and DyScO5 (110), (Crystec GmbH) substrates were used as re-
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ceived and the SrTiO; (001) substrates were terminated following the pro-
cedure developed by Koster.[4°]

Films were grown by co-deposition of potassium, niobium, and ozone
at a substrate temperature of 700-650 °C as measured by an optical py-
rometer operating at a wavelength of 1550 nm. The pyrometer measures
the temperature of the platinum coating that had been evaporated on the
backside of the substrate to facilitate radiative heat transfer from the SiC
heating element of the MBE system to the substrate. The K:Nb flux ratio
was kept at ~#10:1. A mixture of ozone and oxygen (10% O3 + 90% O,)
was used as the oxidant. The films were grown at an oxidant background
pressure of 1 x 1076 Torr. Typical fluxes for the sources were (1 — 2) X
10" atoms cm™2 57! for NbO, and (1 — 4) x 10'* atoms cm~2 s~ for
potassium, determined by a quartz crystal microbalance (QCM), with an
accuracy of ~#15%. In a typical growth experiment, the potassium flux was
measured first, followed by NbO, to ensure that the QCM was as close to
room temperature as possible for the most accurate reading. For a more
detailed description, the reader was referred to an identical procedure re-
ported for KTaOs [°0] Co-deposition with these fluxes results in a KNbO;
film growth rate of 0.3 As™'.

X-ray diffraction (XRD), X-ray reflectometry (XRR), and RSM measure-
ments were carried out using a PANalytical Empyrean diffractometer with
Cu Ka radiation. The raw XRR spectra were analyzed using the PANalytical
X’ Pert Reflectivity software package and the layer thickness was derived
from a fast Fourier transform (FFT) after manually defining the critical an-
gle to account for refractive effects. In situ reflection high-energy electron
diffraction (RHEED) patterns were recorded using KSA-400 software and
a Staib electron source operated at 14 kV and a filament current of 1.5 A.
The morphology of the film surface was characterized using an Asylum
Cypher ES environmental AFM.

Transmission Electron Microscopy: The cross-sectional samples for
scanning transmission electron microscopy (STEM) were prepared using
a standard focused ion beam lift-out process. The KNbOj3 thin film on the
SrTiO; substrate was milled using the FEI Helios NanoLab 600 DualBeam,
while the samples on GdScO; and DyScO; substrates were milled using
the Helios G4 UX DualBeam system. All samples were initially thinned
with 5 kV Ga ions and then polished at 2 kV to minimize surface dam-
age. HAADF-STEM images of KNbO; samples on GdScO; and DyScO;
were obtained using the Spectra 300 X-CFEG microscope with a 60-200
mrad HAADF detector. For the KNbO; film on SrTiO;, the Thermo Sci-
entific Themis Z S/TEM with a 64-200 mrad HAADF detector was used.
Both microscopes operated at 200 kV with a semi-convergence angle of
30 mrad. To improve the signal-to-noise ratio, HAADF-STEM images were
captured as a series of 20 fast scan images (2048 x 2048 pixels, 200 ns
per frame) and then averaged them. STEM energy-dispersive X-ray (EDX)
spectroscopy data for films on GdScO; and DyScO; were collected using a
steradian Dual-X EDX detector. The resulting spectrum was then denoised
using principal component analysis.

Second Harmonic Generation (SHG) Measurement: SHG polarimetry
and temperature-dependent measurements were done with femtosecond
pulses at 4 = 800 nm fundamental light from a regeneratively amplified
Spectra-Physics Solstice Ace Ti:Sapphire laser system (1kHz, 100 fs). The
schematic of the setup is shown in Figure 2a. Linearly polarized light in-
cident on the sample at an incidence angle 8 generate second harmonic
light at A = 400 nm. The p-polarized and s-polarized SHG intensities were
spectrally filtered and measured by a photomultiplier tube through lock-in
amplifier (SR830) detection. Polar plots were generated by rotating the po-
larization angle (@) of the incident fundamental light by a half-wave plate.
Temperature-dependent measurements were done through a Janis 300 gas
flow cryostat for low-temperature and a home-built heating stage for high-
temperature experiments.

Synchrotron-Based  Reciprocal Space Mapping: Synchrotron x-ray
diffraction experiments were performed on the ID4B (QM2) beamline
at the Cornell high energy synchrotron source (CHESS). The incident
X-ray energy was 50 keV (1 = 0.247 A), which was selected using a
double-bounce diamond monochromator. An area detector array (Pilatus
6M) was used to collect the scattering intensities in a reflection geometry.
The sample was rotated with a 1° tilt through 180° rotations, sliced
into 0.1° frames. Geometric parameters of the Pilatus 6M detector such
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as detector distance, tilting, rotation, and direct beam position were
extracted using standard CeO, powder. The uncertainty in temperature
was <10 K.

X-Ray Photoelectron Spectroscopy: The XPS experiment was performed
using the Physical Electronics VersaProbe |1l instrument with a monochro-
matic Al Ka x-ray source (hv = 1486.6 eV) and a concentric hemispheri-
cal analyzer. Charge neutralization was performed using low-energy elec-
trons (<5 eV) and argon ions. The binding energy axis was calibrated using
sputter-cleaned Cu (Cu 2p3; = 932.62 eV, Cu 3p3 ), = 75.1¢eV) and Au foils
(Au 4f; , = 83.96 eV). Measurements were made at a takeoff angle of 45°
with respect to the sample surface plane. This resulted in a typical sam-
pling depth of 3-6 nm. On homogeneous samples, major elements (>5
atom%) tend to have standard deviations of <3%, while minor elements
can be significantly higher. The analysis size was 200 um in diameter.

PFM Spectroscopy Measurements: The PFM switching spectroscopy
data were measured using an atomic force microscopy system (MFP3D,
Asylum Research) with Pt-coated tips (PPP-EFM, Nanosensors) in the res-
onance enhanced mode (DART) with AC-modulation voltage of 0.2 V at
340 kHz. DC voltage was applied to the top electrodes in the pulsed mode,
where the pulse-on period is for polarization switching and the pulse-off
period is for PFM signal detection.

Pt Top Electrodes Deposition: The Pt top electrodes with a thickness of
~15 nmwere deposited ex situ by pulsed laser deposition (PLD) in vacuum
at room temperature. 5 X 5 um? electrode patterns were prepared using a
standard liftoff approach with a laser lithography system (Heidelberg DWL
66FS).

PUND and |-V Measurements: A function generator (Keysight
33621A) was used for voltage pulse generation, and an oscilloscope (Tek-
tronix TDS 3014B) was used for recording the switching current signal.
Standard triangular waves at 100 kHz were used for the |-V measure-
ments, and square pulses of 500 ns in width with one negative pulse
followed by two positive and then two negative pulses were used for
the PUND measurements (see Figure S17, Supporting Information). The
pulse rise time is ~20 ns. All voltages were applied to the top electrodes
through the PFM tip.

Leakage Current and Modulus Spectroscopy Measurements: To inves-
tigate the dominant conduction mechanisms responsible for the rise in
leakage current in KNbO; films, leakage current measurements were per-
formed on 21.8 nm thick KNbO; films grown on DyScO; with a 15 nm thick
SrRuO; bottom electrode, using a 4140 Pico-Ampere Meter/DC Voltage
Source (Hewlett Packard). 100 nm thick Pt electrodes which were litho-
graphically patterned into 50 um x 50 pm squares, were used as the top
electrode.

To further explore additional charge transport mechanisms in the
KNbO; film, temperature-dependent modulus spectroscopy measure-
ments were performed using a Solartron 1260 Impedance analyzer with
a 100 mV AC amplitude, over a frequency range from 1 MHz to 0.01 Hz.

Phase-Field Modeling: Using the phase field method, the evolution of
the ferroelectric polarization (P;) was governed by the time-dependent
Ginzburg Landau equation:

oP; (x;, 1) 5F

ot 6P, (% 9) @

7

where y;: is the kinetic coefficient tensor which is chosen to be isotropic
and Fis the total free energy of the system which is the integral of all energy
density components:

F= /// [_ﬁandau (Py) +fgmd (VP) + foias (P,v, ey-> + fotee (P, Ei)] dav 3)
%

where fiogau: Jgrad» felas and foiec denote the Landau free-energy density, the
gradient energy density, the elastic energy density, and the electrostatic
energy density respectively, and V is the volume of the system.

The Landau free energy density describes the intrinsic stability of the
ferroelectric phases compared to the high symmetry phase (m3m) as a

Adv. Mater. 2024, 36, 2408664 2408664 (9 of 12)

www.advmat.de

Taylor expansion of the polarization about the high symmetry phase:
Siandau (P) = ay (T) (P} +P5 + P3) +aqy (P} + P; + P})
+ay, (P2P2 4+ P2P2 4 PZPZ) + aqqq (P8 + PS + )
g (P (34 3) + 2 (9 72) P4 (L 1)
+ay3PIP3P2 + aqqqy (PS4 PS4 PE) + aqqqy (PS (P2 + P2)
85 (P4 ) 4 8 (7 + )
+ayg (PP + PaPs + P3PY)

+ayyy3(PTPAP2 + P2PIPL + P2P2P3) (4)
The Landau expansion coefficients were adjusted from the work of
Liang! "l to fit with experimentally measured polarization and dielectric
properties.[>133] The revised set of coefficients is listed under Table S1in
Section S1 (Supporting Information).
The gradient energy density is represented by:

1 ()P, 0Pk
== Gyy— —
fgmd 2 ijkl axj x)

®)

where Gy, is the gradient energy tensor where the non-zero coefficients
are chosen to be Gy, = 0.6, G,; = — 0.6 and Gy, = 0.6 and the units
are normalized by a;/? where a; is the first Landau expansion coefficient
and [, is chosen as 1 nm per grid.

The elastic energy density is calculated as:

1
Sfetas (Pi: Sg) =5 Sk <5g —53) (e —€p) (6)

where ¢y represents the stiffness tensor, ¢;; is the total strain using the

parent cubic phase as a reference, and EZ is the eigenstrain which is dic-
tated by the ferroelectric polarization and the electrostrictive tensor Qyy
as:

&5 = Qi PPy )

The elastic constant tensor components and electrostrictive coeffi-
cients used in this work are listed in Table S2 in Section S1 (Supporting
Information).

The electrostatic energy density can be expressed as:

]
Setoc (Piy Ej) = —E;P; — 5 €okiEiEj @)

where E; is the component of the electric field, ¢, is the dielectric permit-
tivity of vacuum and «; is the background dielectric susceptibility which
accounts for the contributions to the total dielectric susceptibility beyond
the ferroelectric soft mode following the work of Tagentsev.[>4l

The evaluation of the elastic and electrostatic energy contributions in
the phase-field method could be found in the existing literature.>>=7] At
each time step, the electrical and mechanical equilibrium equations were
solved under short-circuit and thin-film boundary conditions respectively.

For the simulations, a spatially discretized system of 128Ax x 128Ay
X 36Az grids was employed with a grid spacing Ax = Ay = Az =1nm.
The film thickness was set to 20Ax, and the substrate was 10Ax, with a
4Ax layer of air above the film. The in-plane strains ¢;; and ¢,, were set
equal to the misfit strains imposed by the lattice mismatch with the sub-
strate. An initial random polarization distribution with a small magnitude
of fluctuations of AP = 0.1 Cm~2 was started and let the system evolve to
equilibrium.

The details on the construction of the phase diagram are provided in
Note S1 (Supporting Information).
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Diffraction Simulation: The diffraction intensity (/) was calculated at
the reciprocal space position g from:

I (@) = IF (@) ©)

where F is the structure factor obtained by:
Fla)= 2 fre @ (10)
m,n

where m is the unit cell index, n is the index of the atoms within the unit
cell, and f, is the atomic form factor of the n-th atom which is comprised
of a real and imaginary part:

fo =1 +if? (1)

The atomic form factors for the constituent atoms were obtained from
the tabulated atomic data,[®® assuming a photon energy of 10 KeV. The
position of each atom (r,, ,) was calculated assuming a linear dependence
of the atomic positions upon the polar order, i.e.,:

Ymn = Rm,n +5,Pm (12)

where Ry, , is the reference position in the absence of a polarization and s,
are atomic site-specific displacement coefficients relating the polarization
to the atomic displacement. Atomic form factors and site-specific displace-
ment coefficients are given in Table S4 (Supporting Information).

Density Functional Theory:  The different phases were structurally opti-
mized in the framework of density-functional theory (DFT) with the open-
source software ABINIT.>*-611 A plane-wave basis set with a kinetic en-
ergy cutoff of 49 Ha was used to expand the wavefunctions. Optimized
norm-conserving Vanderbilt pseudopotentials from the PseudoDojol6263]
(v0.4.7) were adopted and the exchange-correlation energy was mod-
eled using the Perdew—Burke—Ernzerhof generalized-gradient approxi-
mation modified for solids (GGA-PBEsol).[%4%3] The Brillouin zone was
sampled with a Monkhorst—Packl®®7] 8 x 8 x 8 k-point mesh and
the self-consistent field cycles were converged until the residual on
the potential reached 10'2. The structures were relaxed until a max-
imum force of 2.5 meV A~! on each atom was reached. The local-
density approximationl®®! and the GGA-PBE exchange correlation were
also tested, but the PBEsol functional resulted in the best c/a ratio for
the tetragonal and orthorhombic phases. For each phase, the in-plane lat-
tice parameters were fixed while the out-of-plane lattice parameter and
the internal atomic positions were allowed to relax. For the monoclinic
phase, since it presents too many degrees of freedom to adopt the same
methodology, the in-plane lattice parameters were set to the average val-
ues obtained by the phase-field simulations at 25K for the two strains cor-
responding to the GdScO; and DyScO; substrates.

The polarization was computed with the Vienna ab initio simulation
package (VASP v6.3.0).19-72] The exchange-correlation energy was mod-
eled with the GGA-PBE and the projector augmented wave method (PAW)
method was used.[’] The wavefunctions were expanded on a plane-wave
basis set with a kinetic energy cutoff of 680 eV. A 6 X 6 x 6 I'-centered
k-point mesh was adopted to sample the Brillouin zone, and the total
energy was converged to 1 peV in the electronic self-consistent loops.
The polarization calculations were automated with the atomate2 python
package.[74]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Note 1: Phase-field simulations

Table S1. Set of Landau expansion coefficients

Coefficient Value Unit
“ 1.906 x 107 (coth (5—4) — coth (i)> [CFmN]
T(K) 650
a1 -5.86x10% [C*m°®N]
1 9.66x 10° [C* m°N]
s 271x10° [C*mON]
i1 22x10° [C*mlON]
Tis 44%10° [CSmN]
1111 1.74x101° [C® m'“N]
1112 5.99%x10° [C® m'“N]
1122 2.5%x1010 [C® m'“N]
1123 -1.63x10'° [C® m'“N]
Modified from Liang et. all!! based upon experimental data from 24,
Table S2. Elastic stiffness coefficients and electrostrictive coefficients
C11 2.3x10!" [Pa]
Coa 0.9%10" [Pa]
Cas 0.76x 1010 [Pa]
O 0.11 [C2 m?]
Q13 -0.053 [C2 m*]




Qus 0.052 [C2 m?]

The phase diagram is established based on the polydomain structures obtained at equilibrium from
phase-field simulations. The temperature is varied from 10 K to 1300 K at intervals of 25 K and
the strain is varied from -4.5% to 0% at intervals of 0.1%. The phase classification in the phase
diagram is performed based on the domain structure that exists at the end of a simulation.

The paraelectric region in the phase diagram marks the phase where (P1, P2, P3) = 0. For the single-
phase tetragonal, orthorhombic and rhombohedral regions, all the polarization vectors falling
within the interior of a conical surface with the boundaries of the surface tilted 10° to the family
of nominal crystallographic directions [001], [101] and [111] are classified in the single-phase
regions, with the phase fraction in the classified phase greater than 0.95. For polarization vectors
deviating more than 10° from the above nominal crystallographic directions, they are classified in
the monoclinic M4 and Mc phases depending on the minimum angle created with the family of
monoclinic planes (110) or (100) with phase fraction greater than 0.95.

The visualization of the domain structures from phase-field simulations also confirms the
classified single phases with the remaining phase fraction of the polarization vectors in these
single-phase regions formed in the domain walls separating two domain variants of the same phase,
e.g., orthorhombic [101] and orthorhombic [10-1]. The remaining data points in the phase diagram
not satisfying the above phase classification criteria are classified in either a two-phase mixture or
a three-phase mixture depending on the phase fraction and the visualization of the domain
structure.

Table S3: Comparison of C, Q, S and % coefficients for KNbOs and related materials:

Material C [K] 011 Q13 Si1 Si3 are
[m4c-2] [m4c-2] [mzN-l] [mzN-l] de

(Q13)
4eC ——————
0™ (S$11+513)

SrTiO;P! 0.505%x10° | 0.0457 | —0.0135 | 3.8x10!2 [ -9.1x10 [ 83K

PbTiO3!] 1.5%10° 0.089 -0.026 8.0x101? | -2.5x10"? 251 K




BaTiOs!"! 1.37x10° 0.10 -0.034 9.0x10!12 -3.2x1012 | 284K
KTaOs3%1 | 0.698%x10° | 0.0872 -0.023 2.5%10°12 | -0.4x1012 280 K
KNbO3 1.6x10° 0.11 -0.053 5.6x1012 -1.6x10°12 750 K
Table S4: Parameters used for diffraction simulations
Atom f1 f? s
K 19.3678 0.746466 1.01E-11 (m"3/C)
Nb 40.5697 1.67439 -0.56E-11 (m"3/C)
0O 8.035 0.021 -3.15E-11(m"3/C)
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Figure S1: Schematic of polarization direction and unit cell corresponding to Tetragonal (4mm),
Monoclinic (m) and Orthorhombic (mm?2) phases observed in phase field simulations under
compressive strains. Lattice parameters of KNbO3; on GdScOs as a function of temperature across
the tetragonal-to-monoclinic phase transition is shown in (b) and (¢). Monoclinic C1 and C2 refer
to the two variants of the monoclinic phases stabilized from symmetry lowering from the



Tetragonal phase. These two monoclinic unit cells represent shearing along [100] and [010]
respectively. Lattice parameters and angles are all derived from phase field simulations.

The phase transitions seen from the phase field simulations are primarily driven by a reduction in
the total free energy. In the case of ferroelectric domain structures under a substrate induced
epitaxial strain, the main driving forces involve a competition between the intrinsic stability of the
ferroelectric phase (Landau Energy) which favors the polarization along certain crystallographic
directions and the elastic energy which aligns the polarization driven by the misfit strain due to the
lattice mismatch between the film and the substrate.

From the Landau energy, under stress-free conditions, we find that the cubic phase is stabilized
above Tc¢= 435 °C, the tetragonal phase is stabilized from 225-435 °C, the orthorhombic phase is
stabilized from -50-225 °C, and the rhombohedral phase is stable below -50 °C 1. However, under
thin-film boundary conditions!!'?, these bulk phase boundaries will be shifted and the bulk phases
themselves may become distorted to better compensate for the elastic boundary conditions.

The driving mechanism for the stabilization of the tetragonal phase with out-of-plane polarization
under a compressive strain is primarily elastic in origin. Under stress free conditions, this
tetragonal phase possesses an intrinsic compressive strain along its a-axis and tensile strain along
its c-axis (using the high symmetry cubic phase as the strain zero reference state). In the
compressive strain region, since the tetragonal phase best matches the strain conditions imposed
by the substrate, it has a minimal elastic energy in comparison to the other possible phases. While
the tetragonal phase with out-of-plane polarization is favored with increasing compressive strain,
the lower symmetry phases become more stable at lower compressive strains < - 0.5% regime.

Under these strain conditions, distorted versions of lower symmetry bulk orthorhombic and
rhombohedral phases are observed which are described by monoclinic phases with space group
Pm and Cm respectively in our phase diagram.

The Pm monoclinic phase occurs at strain values from ~ -1% to ~ -0.75% at room temperature with
the phase boundaries shifting towards higher compressive strains at lower temperatures.
Conceptually, this monoclinic phase (Figure S1a) can be viewed as a distorted orthorhombic
phase, where the compressive strain causes the polarization to rotate away from the 45° angle seen
in the bulk orthorhombic phase towards the c-axis. This monoclinic phase has multiple domain
variants resulting in a twinned domain microstructure seen in Figure 3¢, Main text. Figure S1b
and ¢ show the change of unit cell lattice parameters as function of temperature predicted for
KNbO3 on GdScOs (e ~ -1.1%) showing the structural phase transition from a tetragonal (P4mm)
to monoclinic (Pm) structure.

The Cm monoclinic phase occurs at a strain around ~ -0.25% at room temperature with the phase
boundaries shifting towards higher compressive strains at lower temperatures. This monoclinic
phase can be viewed as a distorted version of the bulk rhombohedral phase where the compressive
strain causes the polarization to rotate towards the c-axis away from the [111] nominal direction.

Furthermore, these thin-film boundary conditions allow for the coexistence of multiple
ferroelectric phases which may be understood from the theory of strain-phase decomposition!!!,



For a system with strain inhomogeneity, i.e., different strains along the in-plane a and b axes, at a
fixed temperature, the maximum number of possible coexisting phases is three according to the
Gibbs phase rule. Considering the three possible phases as a, f and y with homogeneous strains
el and &} (i = a, B, v) at equilibrium, the triangular region of the common tangent plane of the free
energy bounded by the three tangent points corresponds to the three-phase coexisting region in the
g1-&2 diagram. For each two of the single-phase free energy surfaces, a set of common tangent
planes, and the associated tangent points and lines can be identified. These lines link the local
strains at equilibrium and constitute the two-phase regions in the €1-&2 phase diagram. If we only
consider the biaxial strain, i.e., &1 = &, we can construct a diagonal & = & line in the €1-&> phase
diagram which gives us the possible two-phase and three-phase coexistence regions at each
temperature.

The temperature-strain phase diagram for biaxial compressive strains where the tetragonal phase
with out-of-plane polarization is mainly favored over other phases as mentioned earlier due to the
dominance of the elastic energy over other energy contributions. However, in the tensile strain
region, above room temperature, in-plane orthorhombic or in-plane tetragonal phases are
favored(!?] as these phases possess a spontaneous in-plane tensile strain and an out-of-plane
compressive strain along the c-axis leading to the best match with the strain conditions imposed
by the substrate and consequently, lower elastic energy compared to other phases.



Note 2: Density functional theory simulation.
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Figure S2: Atomic level density functional theory calculations (DFT) of total energy/atom
showing the competitive stability of the tetragonal phase (grey curve) and monoclinic phase for
KNbO3 on GdScO3; and KNbO3 on DyScOs (blue and purple points).

For the tetragonal unit cell, the in-plane lattice parameter was fixed while the out-of-plane lattice
parameter and internal atomic positions were allowed to relax. Hence, a continuous curve (grey)
for the tetragonal structure could be extracted as a function in-plane lattice parameter. However,
for monoclinic symmetry, the large number of degrees of freedom restricts the same methodology.
For calculations for the monoclinic unit cell, the in-plane lattice parameters of KNbO3; on GdScO3
and DyScOj substrates were adapted from phase field simulations at 25K for both samples. Hence,
total energy/atom of the monoclinic unit cell could be calculated only at two distinct points.

From figure S2, although the monoclinic phase seems to be energetically favored over the
tetragonal one, the difference in energy is less than 1 meV/atom, which is within the typical error
margin of DFT. Hence, through DFT calculations the tetragonal and monoclinic phases are
predicted to be comparable to one another.

It is important to note that, for calculations of total energy/atom our DFT does not account for
multiple domain variants in the lower symmetry monoclinic phase, which has both been
experimentally observed and predicted through phase-field simulations.
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Figure S3: Contour plot showing the dependence of (a) T, (b) = (¢) B, (d) —. on electrostriction

(Q13) and elastic compliance (S;; + S;3) coefficients for compressively strained tetragonal phase
calculated from analytical thermodynamic expressions, where any other relevant tensor
coefficients are assumed to be the same as for KNbOs (Table S1 Supporting Information). The
white regions in panel ¢ and d represent points where no real solution of the polarization exists.
The red star on each panel denotes KNbO3 on SrTiOs3 film, showing that the low (S, + S;3) and

high Q,; values of KNbOj3 render a high T, and %, value, however B. and % are lower than

maximum achievable.



Note 4: Growth of strained KNbO3 thin films by suboxide molecular beam
epitaxy

Epitaxial KNbO3 thin films were grown on (001) SrTiOs, (110), DyScOs and (110), GdScOs
substrates by suboxide molecular beam epitaxy with in-situ high pressure reflection high energy
electron diffraction (RHEED). RHEED was used to monitor the evolution of surface structure
reconstruction during growth. Figure S4a-¢ show RHEED patterns along the high symmetry
directions where diffractions streaks and Kikuchi lines are visible for GdScO3 (110),, DyScO3
(110), and SrTiO3 (001) substrates during the deposition of the first monolayer of KNbOs. Figure
S4d-f show the KNbO3; RHEED streaks immediately after the deposition was stopped, where the
shutter of the NbO> and potassium source have been closed, but still at growth temperature
(650 °C) and immersed in ozone. Atomic force microscopy (AFM) images are shown in Figure
SS at different magnifications. Atomic steps are visible from the 0.1° off-cut GdScO3 and SrTiO3
are visible. The root-mean-square (rms) roughness for KNbO3 (001) on GdScOs3 (110), (Figure
S5d) is 0.55 nm, KNbO3 (001) on DyScOs (110), (Figure S5e) is 0.61 nm and KNbOs (001) on
SrTiO3 (001) is 0.74 nm (Figure S5f).

Figure Sé6a shows the X-ray reciprocal space mapping (RSM) around the GdScOs (332) DyScO3
(332) and SrTiOs (103) reflections confirm that the KNbO;3 films are commensurately strained to
the respective substrates. Figure S6b compares the expected and measured out-of-plane lattice
constants for KNbO;3 films grown on different substrates. Figure S6c¢ shows the 8 — 26 x-ray
diffraction (XRD) scans for all three films. The rocking curves full width at half maximum
(FWHM) of the KNbO3 films and the GdScOs3 (110),, DyScOs3 (110), and SrTiO3 (001) substrates
are shown in Fig. S7. FWHM are comparable to that of the respective substrates and increase with
lattice mismatch between the substrate and the film. For the “cube-on-pseudocube” substrates
(GdScOs3 and DyScO0:3), rocking curves are collected along the two orthogonal in-plane directions
of the substrate.
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Figure S4: RHEED patterns of KNbO; films grown on a. GdScOs, b. DyScO3 and ¢ SrTiO;
substrates. The top row depicts the deposition of the first unit-cell and the bottom row represents
the patterns immediately after deposition was stopped.
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Figure S5: AFM images of KNbOs films grown on (a), (d) (110), GdScOs3, (b), (e) (110),
DyScOs and (¢), (f) (001) SrTiOs3 substrates, with RMS roughness ~ < 1 nm for all the three
films.
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Figure S6: (a) Lab X-ray based reciprocal space maps for KNbO3; grown on SrTiO3, GdScO3
and SrTiO3 substrates showing coherent strained KNbOs3 thin films on substrates. (b) Measured
out-of-plane lattice parameter of KNbO; as a function of strain measured by XRD, compared to
expected lattice parameter from elastic theory. (c) 8 — 26 XRD scans for the same KNbOs3 films
grown on various substrates, exhibiting Laue fringes indicating an abrupt interface between film
and substrate. Only (00/) reflections are visible and were used to calculate the out-of-plane lattice
constant in (b).
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plane directions of the substrate. (b) and (c¢) Overlaid 001 KNbO3 and 110 GdScOs3 peaks along
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Note S: Derivation of out-of-plane lattice constant calculations from elastic
theory

The out-of-plane lattice constant a, can be calculated from the out-of-plane strain, €33 =

(aiﬂ by expanding the tensor equation (in Einstein notation): g33 = ¢;jx €k, for o33 and
KNO

recognizing that g;3 = 0 because the film is free of stress in the out-of-plane direction. This leads

to:

ASTO~AKNO
CKNO(CS3 chs(W»

a, = (M

C33

Where ¢;3 and ¢35 are elastic stiffness tensor coefficients!!*! of KNbOs3 in Voigt notation and
asto and agpyo are the lattice constants of unstrained KNbO; and SrTiOs, respectively. The
calculated out-of-plane lattice constant expected for a commensurately strained KNbO3 film on
SrTiOs at room temperature is 4.168 A (Figure S6b). This is lower than the 4.182 A £ 0.015 A
value measured by X-ray diffraction for the commensurately strained 8.3 nm thick KNbO3 films.

In contrast to the extended out-of-plane lattice spacing observed for the commensurately strained
KNbO; film grown on a SrTiOs substrate, the 17.5 and 20.2 nm thick commensurately strained
KNbO3/DyScO; and KNbO3/GdScO; shown in Figure S6 b - ¢ agree with the expected out-of-
plane spacing, calculated with elastic theory. Because GdScOs is orthorhombic, the in-plane
biaxial strains €;; and €,, imposed by the substrate are no longer equal and the equation for a
becomes,

C13CkNoO (%50170 — 4agno + acsoom)

a =
* 2akn0Cs3

where a;s0001 and agsp110 are the in-plane distances that establish 11 and 2> through commensurate
strain. Specifically, aggpo; is the c-axis length of GdScOs (7.931 A) and aggpq10 is the 110 of
GdScOs (7.940 A) and ajgpg0; is the c-axis length of DyScOs (7.903 A) and apsp11, is the 110
of DyScOs (7.891 A)'4l where we are using the non-standard Pbnm setting of GdScOj3 and DyScOs
as is most common in the literature. Here the calculations result in an expected spacing for GdScO3
of 4.095 A and 4.118 A for DyScOs at room temperature compared to the 4.091 A +0.015 A for
GdScOs and 4.117 A £ 0.015 A for DyScO; measured by X-ray diffraction. The films grown on
GdScOsand DyScOs do not show a large deviation between the measured and calculated out-of-
plane lattice parameters.



Note 6: Transmission Electron Microscopy

é“lll

Figure S8: HAADF-STEM images of KNbOj3 thin film grown on GdScOs substrate. The interface
structure is uniform throughout the sample, indicating a coherent strain between the film and the
substrate. No extended defects are observed, which suggests high-quality epitaxial growth. The
atomic resolution EDX map reveals an intermixing of metal ions at the interface, primarily
involving scandium from the substrate and niobium from the film. This intermixed layer is crucial
for maintaining charge neutrality at the KO terminating layer. The absence of defects and the
coherent strain between the KNbOs film and the GdScO; substrate underscore the high quality of
the epitaxial growth.



Figure S9: HAADF-STEM images of KNbO;3 thin film grown on DyScOs substrate. At low
magnification, the growth appears to follow the island growth model rather than a layer-by-layer
growth, as evidenced by the presence of islands throughout the TEM sample. Additionally, low-
angle grain boundaries are observed within the film, suggesting some degree of misorientation
between the grains. High-magnification images, taken from the larger grains, show that the
interface between the film and the substrate is uniform and that the film is coherently strained to
the substrate in these regions. This coherence indicates that, despite the island growth mode, large
grains maintain a high-quality interface. The atomic resolution EDX map reveals similar
intermixing of metal ions at the interface as seen for KNbO3 film on GdScO; substrate. This
intermixed layer is essential for maintaining the charge neutrality of the KO terminating layer,
similar to the behavior observed in the KNbO3/GdScOs system.




Figure S10: HAADF-STEM images of KNbO; thin film grown on SrTiO; substrate. The high-
magnification images reveal small regions where the film has grown uniformly and without defects
on the substrate, indicating localized areas of successful epitaxial growth. However, the larger area
images indicate that both the interface and the film contain a high density of defects. The
significant lattice mismatch between film and SrTiO; contributes to the presence of these defects.
This large mismatch induces strain in the film, leading to dislocations, misfit dislocations, and
other defects as the film attempts to relieve the strain. The high density of these defects disrupts
the overall uniformity and coherence of the film. Due to the high density of defects, the film did
not withstand the electron dose required for atomic resolution EDX mapping. The instability of
the defective regions under the electron beam led to rapid degradation, preventing detailed
chemical analysis. This behavior is typical in materials with high defect densities, where the
structure is less robust under high-dose electron irradiation.



Figure S11: HAADF-STEM images of KNbOs thin film grown on SrTiOs substrate with a
SrRuOs3 bottom electrode. Unlike KNbO3 grown directly on SrTiOs substrate, with the introduction
of'a SrRuOs3 bottom electrode (15 nm thick) no extended defects are observed in the KNbOs3 film,
which suggests high-quality epitaxial growth. The interface structure is uniform throughout the
sample, indicating a coherent strain between the KNbOs film, SrRuOs bottom electrode and SrTiO3
substrate. This suggests significant improvement in KNbOs3 thin film quality with the introduction
of a SrRuOs3 bottom electrode.



Note 7: X-ray photoelectron spectroscopy (XPS)
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Figure S12: XPS spectra of KNbO3 thin film done on KNbOs3/SrRuO3/SrTiO3 sample
corresponding to (a) K 2p (b) Nb 3d and (¢) O 1s core levels.

X-ray photoelectron spectroscopy (XPS) was done on KNbO3/SrRuOs3/SrTiO3 to confirm the
valence state of the elements in KNbOs films. The spectra show two peaks at 291.6 eV and 294.3
eV respectively corresponding to K 2ps32 and K 2p1,2 respectively confirming the +1 oxidation of
KI!13:16] The Nb peaks corresponding to Nb 3ds» and Nb 3d3) levels are observed at 206.7 eV and
209.4 eV which are associated with +5 oxidation state of Nb{!>!7l. The O 1s peak at 529.8 eV is
attributed to -2 oxidation state of O. A smaller shoulder peak is also observed at 531.7 eV which
is associated to surface bound hydroxyl groups (-OH)!31,



Note 8: Derivation of Optical Second Harmonic Generation (SHG)
polarimetry expressions for the tetragonal and monoclinic phases

A schematic of the SHG setup is shown in Figure 2a of the main text. The lab coordinates (X, Y,
Z) attached to the direction of the incoming beam: X || p polarization, Y || s polarization, where p
and s are defined by a rotating half wave plate as labelled in Figure 2a. The crystal axes coordinate
i =(1,2,3) are attached to the sample and related to the substrate as follows:

For GdScOs and DyScOs substrates: 1 || [001]o,2 || [1-10]o, 3 || [110],, where subscript “o0” refers
to orthorhombic unit cell of the scandate substrates.

For StTiOs substrate: 1| [100], 2 || [010], 3 || [001].

In lab coordinates (X, Y, Z), the electric field of the incident beam can be written as
(E, cos @, E,sin ¢, 0) where ¢ is the polarization rotation angle introduced by the half wave plate
as shown in Figure 2a. For an incidence angle 6 on the sample (see Figure 2a), the electric field
in the crystal axes coordinates can be expressed as (E,cos @cos 6, E,sin ¢, —E,cos ¢sin ¢).
The induced nonlinear polarization P’®, is related to the incident electric field through the
nonlinear susceptibility tensor, dj through the following equation:

Pizw X dUkE]wEfé) (1)

The proportionality constants depend on incident beam fluence, Fresnel’s coefficients at the film-
air and film-substrate interfaces and the thickness of the films.

Tetragonal model:
For tetragonal unit cell the nonlinear susceptibility can be written in Voigt notation as:
0 0 0 0 dis O
( 0 0 0 dis O O)

The induced nonlinear polarization in the crystal coordinates i = (1,2,3) (calculated through
equation 1) can be rotated back to lab coordinates (X, Y, Z), to give the p and s-polarized
components of the SHG (p || X and s || Y). The p and s-polarized SHG intensities can be expressed
as follows:

For normal incidence (8 = 0°)

2
2% o (P2*)" =0
139 o (PF)? =0

For oblique incidence (8 = 45°)




2 .
15“’ x (szw) « ((2dy5 — d31 — d33)cos [@]* — 2d3;sin [@]*)? (2)
129 o (P?*)? o dfsSin [2¢]?

Figure S13 and upper panel of main text Figure 2b show the tetragonal model fitting for KNbO3
on SrTiO3 (10K and 300K), KNbO3; on DyScO3 (300K) and KNbO3; on GdScO; (300K)

Monoclinic model:

For the low temperature monoclinic phase (M.) in KNbO3, a multi-domain model is assumed
consistent with X-ray measurements and phase field theory simulations. In crystal physics
coordinates i = (1, 2, 3), nonlinear susceptibility in the monoclinic phase can be written as:

d.: =

y 0 0 0 dy O dy

(dn di; dyz 0 dys 0 )
dz; d3p dzz 0 dys O

Here, the monoclinic mirror plane is perpendicular to the crystallographic b-axis of the monoclinic
cell of KNbO3 which is parallel to i=2 crystal physics coordinate. Through rotating the unit cell by
right angles, 4 such unit cells can be achieved, each associated with an area fraction labelled as
below:

Domain 1: a || 1, b || 2, c|| 3 (Area fraction: A1)

Domain 2: a || 2, b || -1, c || 3 (Area fraction: Az)
Domain 3: a || -1, b || -2, ¢ || 3 (Area fraction: A3z)
Domain4: a||-2,b ]| 1, c || 3 (Area fraction: A4)

Here (a, b, c) denote the crystallographic axes of the monoclinic unit cell, i = (1,2,3) denote the

previously defined crystal physics coordinate system and the area fractions are constrained to A
+ A+ A3+ As=1.

For normal incidence (8 = 0°)

From Equation 1, the induced nonlinear polarization can be calculated in the crystal coordinate
system and can be transformed into lab coordinates (X, Y, Z). The resultant nonlinear polarization
in the lab coordinates X (p-polarized) and Y (s-polarized) are tabulated below (Table S5):

Table SS5: p and s-polarization components for different domains

P2w P2w

p S
Domain 1 dy;cos? @ + dyysin? @ dyesin 2¢
Domain 2 d,esin 2¢ di,c05% @ +dyysin® @
Domain 3 —(dyicos* @ + dy,sin? @) —d,esin 2¢
Domain 4 —dyesin 2¢ —(d;,c05* @ + dqsin® @)




The effective SHG intensity can be calculated as follows:
2 2
Iz%w x (szw) x (Alpg,(c(i)omain 1 + Ang,(&)omain 2 + A3P§,(éi)omain 3 + A4P1§,(:1)0main 4)
This can be simplified to:

2% o« Ky, (sin? @ + Ky,cos? (p)2 + Kapsin? 2¢ + Ky (sin? @ + Kpcos? @)sin 2¢
3)

where,
d
11

Klp = SA%d%Z sz = d_
12

KSp == 6A%d%6 K4p = 26A16A2d12d26

64, = A, — Az;and 64, = A, — A,. Similar expressions can also be derived for 12¢ with
the following coefficients:

d12

Kis = SA%dfl Ky = d_
11

Kss = 5A%d%6 Kys = 26A16A5d,,d5

Similar expression has also been shown earlier for multidomain mm2 model in epitaxial thin films
[18.19] Figure S14 shows the normal incidence polarimetry for KNbO3 on GdScO3 and DyScOs at
10 K fitted to a multidomain monoclinic model.

For obligue incidence (8 = 45°):

Equations for oblique incidence polarimetry involve more convoluted combinations of d-
coefficients and area fractions, however they can be reduced to the same form as equation (3). The
exact convolutions are listed below:

1
Kyp = 8 [2(A; + A3)dsz + 28A1dy; + 2d31 (A7 + Ay))?

sz = 2 PR [6A1(d11 + d13 - 2d35) + (Al + A3)(d31 + d33 - 2d15) + (AZ + A4)(d32 + d33 - 2d24]
1p
| [84y(dne — dis)]?
3p — 4

K4p = ZW,K1PK3P

1 2 92
Kis = Z(Az - A4) d11

1
= (dlz + d13)(A2 - A4)

K
2s 2 ,—Kls



1 dis
K3S = Z \/EAl(dZG - d24) - \/EA3(d26 + d24-) + E(All- - AZ)
Ky = 24/ Ki5K35
10K 90° KNbO, on DyScO, 90° 300 K
olgw o 15260 £e=-17% 5 >s olgw o Iszw

— 4mm

900 KNbO, on SITiO, 900
£=-2.7%

Figure S13: Oblique-incidence SHG polarimetry at T = 300 K and T = 10 K for KNbO;3 film
on DyScOs3 and SrTiOs substrates showing a tetragonal model fitting for both KNbO3 on DyScO3
and SrTiO3 at 300 K. While at 10 K, a multidomain monoclinic model is necessary for KNbO; on
DyScOs3 but KNbO3 on SrTiOs can still be fitted with a tetragonal model similar to 300 K.

KNbO; on GdScO, KNbO; on DyScO,
e=-1.1% €=-1.7%

900

2700 270°

Figure: S14: Normal incidence SHG polarimetry at T = 10 K for KNbO3 on DyScO3 and
GdScO:s fitted to multdomain monoclinic model.



Note 9: High temperature decomposition of KNbO3 on GdScO3; film measured
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Figure S15: a) SHG intensity vs temperature in the high temperature regime for KNbO3 on
GdScO;. On heating the sample shows irreversible degradation around 975 K, while cooling run
shows steady SHG intensity down to room temperature. b) SHG polarimetry at room temperature
before starting heating compared to after cooling back down for p-polarized (upper panel) and s-
polarized (lower panel) SHG. SHG polarimetry before heating and after cooling down can both be
fitted to a 4mm model showing the same symmetry, indicating that the only change occurring is in
the intensity.



Note 10: Calculation of Nonlinear optical coefficients in tetragonal and
monoclinic symmetry

Room temperature tetragonal:

#SHAARP.mI*°! package was used characterize the nonlinear optical coefficients of KNbOj thin
films on different substrates. The measurement geometry is shown in Figure 2a of the main text.

The linear optical properties were first characterized via ellipsometry, and x-ray reflectivity was
used to measure the thickness of the films. These values are tabulated below in Table S6 for both
the film and substrate, which also serve as the input parameters for the #SHAARP.ml package.

Layer n (400 nm) n (800 nm) Thickness
KNbO3 2.565+0.107 i 2.260+0.110 20.2 nm
GdScOs 2.090 +0.049 i 2.021 +0.023 ; Substrate

Layer n (400 nm) n (800 nm) Thickness
KNbO3 2.610+0.067 i 2.308 + 0.029 i 17.5 nm
DyScO3 2.084 +0.068 i 2.016 +0.032 i Substrate

Layer n (400 nm) n (800 nm) Thickness
KNbO3 2419+ 0.046 i 2.163 +0.006 i 8.5 nm
SrTiOs3 2.678 +0.064 i 2.350+0.021 i Substrate

Table S6: Complex refractive index coefficients and thickness values of KNbOj3 thin films on
GdScOs3, DyScOs3 and SrTiOs substrates.

Equations for SHG generated for KNbOj3 thin films on the different substrates are generated
through the full multiple reflection assumptions in the #SHAARP.ml package, which considers
multiple reflections in the two layers (thin film + substrate) for both the fundamental and second
harmonic beams. By calibrating the SHG generated from the thin films to a standard LiNbO;
reference sample, full characterization of the SHG tensor is possible.

For tetragonal unit cell the SHG tensor can be written in Voigt notation as:
0 0 0 0 dis O
( 0 0 0 dis O O)
Simultaneous fitting of p-polarized generated SHG for 30°, 45°, 60° incidence angle gives the
d;3/dq5 and d3; /d45 ratios. The s-polarized SHG generated from the sample depends only on the

d, s coefficient and can be calibrated to LiNbO3.

The general form of p and s-polarized SHG for any angle and sample can be written as:



129 o [(Aypdys + Agpdsy + Aspdas)cos [@]? + Ayydsssin [@]?] X [cc]

The coefficients are detailed in the following table corresponding to each sample and measurement

2% o [Ay5d;5Sin [2¢]] X [cc]

angle.
Film Angle Aqp Azp Asp Asp Aqg
KNbO; | 30° | -57+9.6i | 1.7 — 38i | 01 — 0.2i 17 — 371
on 45° 122 — 144i | -39 + 6.1i | —03 + 0.7 —3.6 +54i | —11.1 — 12.1i
GdScO3
60° 7.7 — 1491 —-23 +59i | -0.2 + 1.0i —-2.0 +45i
KNbO; | 30° | —84+491i | 25 —38i | 01— 0.1i 25 — 3.7
on 45° 11.0 — 128i | =33 + 5.2i | =03 + 0.5 —-3.2 + 48i | —10.3 — 1081
DyScOs3
60° 115 — 146i | =35 + 59i | =05 + 09 —3.0 +461
KNbO; | 30° | -1.7465i | 09 —3.1i | 00 — 0.1 08 — 3.0i
Oljl 45° 23 —9.0i -12 +43i | —01 + 051 —-1.0 + 3.81i —-03 — 251
SrTi0;
60° 27 —101i | —-13 +48i | =02 + 091 —-09 + 3.5i

Table S7: Ay, Azp, Asp, Aysp and Ay, coefficients corresponding to all three strained films
corresponding to I3 and I2® equations.

The resulting SHG coefficients are tabulated below:

Film dys (pm/V) dsq (pm/V) ds3 (pm/V)
KNDbO;3 on SrTiO3 49+ 1 44+ 1 59+ 1
KNbO3 on DyScO3 37+ 1 31+ 1 41+ 1
KNbO; on GdScOs 32+ 1 32+ 1 51+ 1

Table S8: d;s, d31, d33 SHG tensor coefficients of room temperature tetragonal phase of KNbO3
corresponding to all three strained films.




Note 11: Temperature dependent reciprocal space mapping of KNbQO3 on

GdScOs3
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Figure S16: Reciprocal space maps (RSM) capturing the effect of temperature on KNbO; film
structures relative to the GdScOs substrate. The maps at 400 K (a) and 100 K (b) correspond to
temperatures above and below the tetragonal to monoclinic phase transition (275 K) respectively.
The pseudocubic Miller indices of several off-specular substrate peaks are marked in inset.
Horizontal dotted lines mark the position of the film peaks relative to each other and the substrate
peaks. The film peak alignment along the horizontal [010]-direction indicates that the peak shifts
relative to the substrate are only dependent on @y, and do not depend on the Miller indices of the
substrate. This supports strain as the dominating factor for peak position — signifying the average
tetragonal structure of the film at both 100 K and 400 K, while the additional occurrence (See
Figure 3b) of the tilted satellite peaks at 100 K along the <110> direction signify the monoclinic
distortion at low temperature.
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Figure S17: Experimentally measured RSM images around different GdScOs; Bragg peaks (a:
114., b: 113, ¢: 223,) at 100 K showing the tilt of diffused satellites due to tilted monoclinic
domain walls. Diffraction simulations conducted on phase-field simulated microstructure at 100

K showing tilted diffused satellite peaks around corresponding KNbO3 peaks measured
experimentally (d: 114, e: 113, f: 223.).



Note 12: Structural characterization of KNbQ3; thin films with SrRuQO3 bottom
electrodes
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Figure S18: Structural characterization of a 19.8 nm thick KNbO3/SrRuOs3/SrTiOs. (a) RHEED
patterns of the bare SrTiOz 001 substrate (top), StfRuO3 001 bottom electrode (middle) and the
KNbO; film (bottom). (b) Overlaid 001 SrTiOs and 001 KNbO3 peaks showing comparable
FWHM values. (c) RSM of the KNbO3/SrRuOs/SrTiO; heterostructure indicating that both the
bottom electrode and the KNbOs film are commensurately strained to the substrate.
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Figure S19: 21.8 nm-thick KNbO3/SrRuO3/DyScO3 (a) RHEED patterns of the bare SrTiO3 001
substrate (top), StTRuO3 001 bottom electrode (middle) and the KNbOs3 film (bottom). (b) Overlaid
110 DyScOs and 001 KNbO3 peaks showing comparable FWHM values. (c) RSM of the
KNbO3/SrRuO3/DyScOs heterostructure indicating that both the bottom electrode and the KNbOs
film are commensurately strained to the substrate
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Figure S20: a) Temperature dependent SHG intensity of KNbO3/SrRuO3/SrTiO3 sample showing
absence of any structural phase transitions and 7. pushed above 975 K consistent with phase-field
simulations and SHG measurements on KNbO;3 films without bottom electrode. b) SHG
polarimetry done at 75 K, 300 K and 973 K fitted to tetragonal 4mm with out-of-plane polarization

direction



Note 13: Electrical characterization of polarization switching in strained
KNbO:3

Figure S21a shows the PFM switching spectroscopy measured on the free surface of
KNbO3/SrRuO3/DyScOs suggesting a strong upward built-in field. The relaxation measurement in
Figure S21b suggests that the downward state can be maintained for only ~10 ms, making
polarization preferentially in the upward single domain state for the as-grown films. Figure S21¢
is the PFM switching spectroscopy on the free surface of KNbO3/SrRuO3/SrTiO3 with a strong
upward built-in field leading to both coercive voltages positive, an indication that only upward
polarization can be maintained.

Figure S22a shows the raw PUND data of the applied voltage and the recorded current from the
capacitors, where high leakage is observed for the positive voltages, while much lower leakage is
recorded for the negative voltages and the switching current peak can be extracted. Figure S22b
displays the extracted switching peaks from the PUND measurements with various voltage pulse
amplitudes from 3 V to 5.5 V. The calculated 2P; values are shown in Figure S22¢, which show
a linear increase over the pulse amplitudes suggesting that there is an additional leakage
contribution during the polarization switching process which is not subtracted from the PUND
non-switching contributions (capacitive current and steady state leakage). Additional testing
shows that 3 V of pulse amplitude leads to incomplete switching, so that 4 V is used for the
estimation of the upper limit of the remanent polarization value. Figure S22d shows a PFM
measurement for the polarization relaxation from the downward to upward state after a pulse of 3
V to set the initial state into downward. The PFM phase relaxed from ~0° (corresponding to
downward state) to ~180° (corresponding to upward state) in about 10 s. Figure S22e shows an /-
J measurement after the capacitor is set to the downward state with 4 V pulse. The first cycle
starting with negative voltages shows no switching, suggesting that polarization is relaxed back to
upward with a ~30 s delay time. Figure S22f is an AFM topography image of the 5x5 pm? top
electrode for the capacitors under investigation.
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Figure S21. PFM switching spectroscopy and relaxation measurements on the free surface of
KNbO; thin films. (a) PFM switching spectroscopy on the 21.8 nm-thick KNbO3/SrRuO3/DyScO3
shows a strong upward built-in field that makes polarization down very unstable. (b) PFM
measurement of the polarization relaxation of the downward state after a 4 V pulse shows
polarization downward relaxes back to upward in 10~20 ms. (¢) PFM switching spectroscopy on



the 19.8 nm thick KNbO3/SrRuO3/SrTiO3 shows a strong upward built-in field leading to both
coercive voltages positive.
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Figure S22. Electrical and PFM measurements on the Pt/KNbOs3/SrRuO3/DyScOs capacitors. (a)
Raw PUND data of the applied voltage and the recorded current from the capacitor shows high
leakage current for the positive voltage, while much lower leakage is recorded on the negative
voltages enabling the extraction of the switching current peak. (b) The switching current peaks
from the PUND measurements at various voltage pulse amplitudes from 3 V to 5.5 V. (¢) The
calculated switching charges (2P;) from the PUND measurements in (b) shows a linear increase
with the pulse amplitude, which indicates a dynamic leakage during the polarization switching
process. (d) PFM measurement of the relaxation of the downward polarization state after a pulse
of 3 V, 10 ms, which relaxes to the upward state in about 10 s. (e) /-J measurement ~30 s after
application of a 4 V pulse to set the initial polarization state downward, with a sweeping voltage
fromO0V — -4V — +4V — 0V and repeat again. The first cycle on the negative side shows no
polarization switching, suggesting that polarization has been relaxed to the upward state during
the 30 s delay, while the second cycle shows clear switching peaks on the negative side. (f) An
AFM topography image of the 5x5 pm? top electrode.
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Figure S23. Room temperature piezoresponse force microscopy (PFM) maps across 2x2 um? region on
KNbO3/SrRuO3/DyScOs film showing no amplitude (a) and phase contrast (b) confirming the absence of
180° tetragonal domains.



Note 14: Dielectric loss and electrical leakage characterization of KNbOj3 films

To investigate the dominant conduction mechanisms responsible for the rise in leakage current in
KNbO:; films, leakage current measurements were performed on 21.8 nm thick KNbO; films
grown on DyScO; with a 15 nm thick SrRuO3 bottom electrode, using a 4140 Pico-Ampere
Meter/DC Voltage Source (Hewlett Packard). 100 nm thick Pt electrodes, which were
lithographically patterned into 50 pm x 50 pm squares, were used as the top electrode.
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Figure S24: Polarity-dependent leakage current density (J) with increasing applied electric field.
The blue curve corresponds to the field-down configuration (bottom electrode negatively biased).
The red curve corresponds to the field-up configuration (top electrode negative biased)

A noticeable difference in the leakage current behavior was observed for opposite polarities
(Figure S24). The leakage current increases more significantly with applied voltage when the
bottom electrode is negatively biased compared to the top electrode (field-down). Conversely, the
current levels are lower when the top electrode is negatively biased (field-up). This is consistent
with PFM measurements of switching current shown in Main Text, Figure 4b, and suggests a
significant contribution of an interface-controlled mechanism in the observed asymmetry of the
leakage current.
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Figure S25: Current density vs electric field (In(J/T?) versus E'/?) fitted to Equation 1 showing the onset
of Schottky emission for field-up (a) and field-down (b) configurations. Estimation of Richardson constant
(A) from intercept of the In (J/T?) versus 1/T at a given field for field-up (c¢) and field-down (d)
configurations.

To further investigate the leakage characteristics, the temperature dependent I-V data was fitted to
equations representing various interface-controlled conduction mechanisms. The current density-
electric field (J-E) characteristics in KNbOs display a good linearity consistent with Schottky
emission (In(J/T?) versus E'/?) for both polarities (Figure S25a - b). The optical dielectric
permittivity, €,, was extracted from the slope of the linear fits, and the refractive index, n = /e,
was calculated. The refractive index derived from the Schottky plots ranged from 2.2 to 2.9, which
is in good agreement with the refractive index of KNbOs (n = 2.25) 211, This suggests that interface
dominated Schottky emission to be one of the dominant contributors of the leakage in these KNbOs
films.

To estimate the Schottky barrier height, the Richardson constant, A, was first determined from the
intercept of the In (J/T?) versus 1/T at a given field (Figure S25¢ - d). Then, the Schottky barrier
height (®g) was extracted from the intercept of In (J/T?) vs. E'2 plot using the following equation:
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where A is the Richardson constant, €~ is the high frequency permittivity, ®5" is the barrier

height, and ¢ is the charge per carrier. ®@p is estimated to be 0.4+0.04 eV for the top Pt/KNbO;
interface and 0.25+0.03 eV for the bottom SrRuO3/KNbO; interface. The difference in @ is likely
due to the difference in work function of top Pt (5.6 V)% and bottom SrRuO; (5.2 eV)23
electrodes. The higher work function of Pt results in a higher ®g, which leads to lower leakage
current levels under field-up conditions and contributes to the polarity-dependent leakage current
behavior observed in KNbO:; films. A schematic representation of the band bending in KNbOs3 at
both interfaces is shown in Figure S26.

__Pt KNbO;  |SrRuQO,
0.40 eV \——CB/'__.ée_
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Figure S26: Schematic band diagram of KNbO; showing the measured Schottky barrier heights at both Pt-
KNDbO; and SrRuO;-KNbOs interfaces and known F-center (Oxygen-vacancy which traps electrons) energy
level in KNbO; 12*%], The F-center energy level in KNbOs is deep due to its molecular orbital being
primarily contributed by the two nearest Nb atoms from the oxygen vacancy **/,



To further explore the charge transport mechanisms in the KNbO; film, temperature dependent
modulus spectroscopy measurements were performed using a Solartron 1260 Impedance analyzer
with a 100 mV AC amplitude, over a frequency range from 1 MHz to 0.01 Hz. Figure S27 shows
the frequency dependence of the imaginary part of the electric modulus (M'(f)) of the measured
the KNbO:; film at temperatures ranging from 30°C to 200°C.

M''(f) exhibits a maximum at the relaxation frequency, f{r), which can indicate the volume fraction
of material with similar conductivity. The relaxation frequency f{(r) of the modulus peak is
expressed as:

1 o
2mRC 2TEGES

f@r) =

Equation 2

where o is the conductivity, & is the relative permittivity, C is capacitance, and R is resistance.

The temperature dependence of the modulus peak was analyzed to determine the origin of the
charge transport mechanism (Figure S27a). By fitting the conductivity calculated through
Equation 2 to the Arrhenius equation, the activation energy related to dielectric relaxation
associated with the observed modulus peak is calculated to be 0.45 = 0.04 eV (Figure S27b).

The exact mechanism responsible for such relaxation behavior is unknown. We speculate that this
relaxation process is related to polaron hopping mechanism which has previously been observed
in KNbOs single crystals 29271, Oxygen vacancies are one of the main sources of point defects in
KNbOs which acts as electron donors. These electrons can be bound to Nb>* ion cation forming a
polaron. Hopping of such polarons between symmetry equivalent sites results in increased
conductivity.
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Figure S27: (a) Imaginary part of electric modulus (M") as a function of frequency showing a dielectric
relaxation peak moving to higher frequencies with increasing temperature. (b) ¢ vs T curve (Log o vs
1000/T) corresponding to the observed dielectric relaxation peak fitted to the Arrhenius equation.

Origin of defects in KNbOs:

Potassium vacancies and oxygen vacancies are the primary point defects in KNbO3. Due to the
high K vapor pressure, K vacancies form on high temperature exposure of KNbOs3, including



during growth. Subsequently, this leads to oxygen vacancies, in order to maintain charge
neutrality, as can be described in Kroger-Vink notation as follows:

2Kk + 0g = 2Vg + V5 + K,0(T) (Equation 3)

Since these oxygen vacancies are necessary for charge neutrality, they are thermodynamically
stable and cannot be removed via annealing. Localized hopping of such singly ionized oxygen
vacancies can lead to dielectric relaxation (281, A secondary pathway of forming oxygen vacancies
is due to oxygen leaving lattice positions; these defects serve as electron donor defects, which can
be expressed in Kroger-Vink notation as follows:

209 = +V5" + 2e" + 0,(T) (Equation 4)

These electrons could be weakly bound to Nb>* cations, forming dipoles giving rise to dielectric
relaxation mechanisms in KNbO; [282%1, Oxygen vacancies in KNbOj3 can also serve as electron
trapping sites (F-centre) which produces deep energy levels, ~ 2.2 eV below the conduction band
(241 in KNbO; (Figure S26). A high concentration of oxygen vacancies in KNbOs films can also
modulate the potential barrier height via Fermi level pinning, accelerating charge injection under
DC electric fields. Consequently, the distribution of oxygen vacancies throughout the thickness of
KNbDO:s films can contribute to asymmetric leakage current characteristics and polarity-dependent
lifetimes. Furthermore, oxygen vacancies can contribute to both electronic and ionic conductivity
in KNbO:s films 28],

Finally, migration of K* ions and oxygen vacancies, having activation energies of 0.6 eV and 1.2
eV, respectively, are another source of conduction (especially at high temperatures) which has
been observed in KNbO; single crystals %, The formation of conductive domain walls and
pinholes across a thin film are also possible contributors to leakage in KNbOj thin films.

Further investigations are necessary to understand the relative influence of different defect
mechanisms involved in high leakage current levels in KNbO; films.

Improving leakage characteristics of KNbOs:

All said, the primary source of leakage and slower switching dynamics in KNbO3 is understood to
be due to oxygen vacancies formed either due to K vacancy formation or O leaving lattice positions
during material processing which contribute to the dielectric leakage properties of KNbOs. A
possible method to eradicate this is by growing KNbO3/SrTiOs superlattices. Superlattices on
substrates on SrTiO; or DyScOs substrates, similar to the well-studied PbTiO3/SrTiO; superlattice
system®!1, will allow the growth of thicker films while maintaining coherent strain in KNbOs. This
will help eradicate mechanical sources of leakage such as pinhole formation in films. More
importantly, in superlattice heterostructures, KNbO3 can be capped with a SrTiOs layer, which
will reduce the loss of K from the film. This in turn should significantly decrease oxygen vacancy



concentrations in the films leading to improved dielectric loss characteristics. Finally, doping the
KNbO; with a small amount of electron acceptors such as Ba** and Sr?* can as also potentially
reduce leakage.
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