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Controlling the Phase Transition in Nanocrystalline Ferroelectric
Thin Films via Cation Ratio

Iryna S. Golovina,” Matthias Falmbigl,® Christopher J. Hawley,”® Anthony J. Ruffino,” Aleksandr V.
Plokhikh,? Igor A. Karateev,® Thomas C. Parker,” Alejandro Gutierrez-Perez,® Alexandre L. Vasiliev
and Jonathan E. Spanier '

Traditionally, the ferroelectric Curie temperature can be manipulated by chemical substitution, e.g., in Ba1,SrTiO3 as one
of the archetypical representatives. Here, we show a novel approach to tune the ferroelectric phase transition applicable
for nanostructured thin films. We demonstrate this effect in nano-grained BaTiO; films. Based on an enhanced metastable
cation solubility with Ba/Ti-ratios of 0.8 to 1.06, a significant shift of the phase transition temperature is discovered. The
transition temperature increases linearly from 212 K to 350 K with increasing Ba/Ti ratio. For all Ba/Ti ratios, a completely
diffused phase transition is present resulting in a negligible temperature sensitivity of the dielectric constant. Schottky
defects are identified as the driving force behind the off-stoichiometry and the shift of the phase transition temperature as
they locally induce lattice strain. Complementary temperature dependent Raman experiments reveal the presence of the
hexagonal polymorph in addition to the perovskite phase in all cases. Interestingly, the hexagonal BaTiOs influences the
structural transformation on the Ba-rich side, while on the Ti-rich side no changes for the hexagonal polymorph at the
ferroelectric transition temperature are observed. This concerted structural change of both polymorphs on the Ba-rich
side causes a broad phase transition region spanning over a wide range up to 420 K including the transition temperature of
350 K obtained from dielectric measurements. These findings are promising for fine adjustment of the phase transition

temperature and low temperature coefficient of permittivity.

Introduction

The ferroelectric phase transition is a cooperative phenomenon,
where tuning of the Curie temperature (7o) is crucial for many
practical applications, including high-density memory devices
(FeRAM),l‘2 wireless power transfer (WPT) systems,a‘4 tunable
microwave devices,5 and surface acoustic wave (SAW) resonators.
Traditionally, two approaches are used to control T, including the
type of the ferroelectric phase: doping and finite-size scaling.
Regardless of the approach, the effects arise from strain of different
origins. Initially, the T in ferroelectric oxides was manipulated by
chemical substitution. Among others, the most prominent examples
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are solid solutions of (Ba,Sr)TiO; (BST),7’8 Pb(Zr,Ti)O3 (PZT),9’10
K(Ta,Nb)O; (KTN),n’12 where the T, can shift up to 400 K in bulk
materials between the two end members due to complete solubility
of dopants. In this case, the critical concentration of dopants
provokes certain structural changes and drives T, higher or lower,
depending on the particular dopant and resulting lattice instability.
Rapid development of nanotechnology for ferroelectrics over the
past decades revealed a number of scaling effects, which appeared
to considerably influence T. Size effects are tentatively classified as
“extrinsic” and “intrinsic” size effects. Extrinsic size effects
encompass the contribution of surface stress, surface bond
contraction and Vegard strains/stresses. In 3D nanocrystals,
extrinsic effects lead to a shift of the Curie temperature
proportional to either 1/R™™Y or 1/R% 8% depending on the model,
where R is the curvature radius of the nanoparticles surface.
Intrinsic size effects arise from depolarization, correlation, and
spontaneous flexoelectric effects.”>* More recently 2D thin-film
studies revealed the influence of the film thickness®® and

(substrate-ferroelectriczs’26
27’28) phenomena on the polarization variation and
consequent changes in the ferroelectric phase transition behaviour.
In general, the Curie temperature decreases with decreasing film
thickness in order to balance the energy costs associated with long-
range electrostatic effects (depolarization fields) with the formation
of domain walls.?® However, flexoelectricity, lattice relaxation and
epitaxial strain may enhance surface polarization and lead to the

interface and electrode-

ferroelectric
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increase of T with decreasing film thickness.2*?® For ferroelectric-
electrode systems, the size-effect problem is described by the
effective screening length (embodying the long-range electrostatic
response of the interface) and the quadratic surface energy
coefficient (embodying the short-range chemical interactions at the
interface).27 In ferroelectric nanowires, T, is depressed as the
nanowire diameter d,,, decreases, following a 1/d,, scaling,30 while
the T, could be higher in nanotubes compared to the bulk material
for a negative electrostriction coefficient. ™ Finally, three
dimensionally-confined nanostructures
(nano/quantum dots) undergo an unusual phase transition - from a
state exhibiting a spontaneous polarization to a phase associated
with a toroid moment of polarization.“’32 A combination of both
approaches, doping and scaling, is also applicable. For example,
impurity defect driven new phase states have been revealed in
KTaO; and KNbO; nanoparticles.33'35

The effect of non-stoichiometry has not been exploited to the
same extend for bulk materials as well as nanostructures with lower
dimensionality. There are a few reports discussing the influence of
the Ba/Ti ratio on T in BaTiO; (BTO) ceramics.>*® Lee et al. show
that T, decreases with increasing concentration of partial Schottky
defects on both, the Ti- and the Ba-rich side.®® In this work, the
Ba/Ti ratio ranges from 0.93 to 1.04 and T, varies with defect
concentration by -2.2 K/8 for Ba, 3TiO3.5 and by -8.2 K/& for BaTi,.
503.05. The authors further demonstrate the strong sensitivity of the
Landau coefficients characterizing the properties of the
monodomain ferroelectric state to non-stoichiometry involving
partial Schottky disorder reactions in the perovskite-structured
oxides.”” W.P. Chen et al. show that with increasing Ba/Ti ratio from
0.96 to 1.04, the tetragonal distortion in the perovskite diminishes
and the Curie point decreases monotonously from 396 K to 371 K32
The controversial results reported by different groups on the
solubility ranges for BaO and TiO, as well as on the influence of
stoichiometry on T, point towards the existence of metastable
states in BTO ceramics depending on the synthesis method.”” These
ambiguities observed for bulk materials could be enhanced on the
nanoscale due to changes in the solubility limits depending on
surface energies39 and the aforementioned scaling effects. In this
respect, the atomic layer deposition (ALD) technique is
predestinated for the exploration of stoichiometry effects in
multinary oxides, as the low growth temperatures typically result in
an amorphous film, which is crystallized in a subsequent annealing
step.‘m'42 The required solid-solid transformation should be prone to
the formation of metastable, nanocrystalline phases, which can
exhibit substantially larger solubility ranges compared to the
thermodynamic equilibrium. This was already demonstrated
recently, where ALD was employed to produce ~50 nm thick
nanocrystalline BTO films on Si/Pt substrates with varying Ba/Ti-
ratios ranging from 0.80 to 1.06. These films exhibit no evidence of
impurity phases and display a strong dependence of the magnitude
of the permittivity to the film composition. The observed change in
properties was explained by the formation of Schottky defects for
the non-stoichiometric compositions.42

In the present paper, we utilize this extended solubility
range for BTO thin films based on Schottky defects to control
Tc. The manipulation of the Ba/Ti-ratio allows the tuning of T,
in a wide temperature range of 138 K, not only reducing T on

ferroelectric
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the Ti-rich side, but also increasing T, compared to the
stoichiometric film on the Ba-rich side. This mechanism is also
strain-mediated, but until now was not considered as a way to
shift T, in ferroelectric perovskites. Our temperature
dependent study is based on two complementary methods:
dielectric measurements and Raman scattering experiments.
As the contribution of the grain sizes is accounted for
separately, it becomes apparent that the major influence for
the shift in T, arises from the compositional change. In
addition, we illustrate how the presence of the hexagonal
polymorph in addition to the perovskite phase influences the
structural transformation in the thin film on the Ba-rich side.

Experimental

Atomic layer depositions of semi-amorphous Ba(OH),-TiO,
laminates of ~50 nm total film thickness on Pt(111)/Ti/SiO,/Si(100)
substrates (Gmek Inc.) were conducted in a Picosun R200 Advanced
Reactor. The cation-precursors were Absolut Ba (Air Liquide,
Ba(iPrsCp),), kept at 473 K, and titanium-isopropoxide (Alfa Aesar,
Ti(iOPr),), kept at 388 K. For both of them H,O, kept at room
temperature, served as reactant. High purity N, gas (99.9999 %)
was used as carrier gas and the growth temperature was 563 K. The
pulse and purge times were 1.6/6 s for Ba(iPr;Cp), and 0.1/10 s for
H,0 for the Ba-O subcycle, and 0.3/1 s for Ti(iOPr), and 1/3 s for
H,O for the Ti-O subcycle. An initial 12 A thick layer of TiO, was
deposited on all substrates to improve uniformity. In order to vary
the overall composition of the films, the repeat number for the Ba-
subcycle was kept constant, while the repeat number for the Ti-
subcycle was varied between 42 and 55. A sequence of 10 total
repeat units of alternating subcycles, as described previously,
resulted in a total film thickness of ~ 50 nm.*?

Metal-insulator-metal (MIM) capacitors were produced by
depositing ~80 nm thick 90 x 90 um2 squares of Pt before or after
(for one stoichiometric ~ sample) annealing, utilizing
photolithography and sputtering at room temperature. Ex-situ
annealing under an over-pressure of 5 psi O, was conducted using
the following annealing sequence: the samples were heated to
1023 K with a rate of 4 K-minfl, kept at 1023 K for 12 hours, cooled
to 353 K at a rate of 1 K:min". A subsequent step with heating to
433K (3 K~min71) followed by cooling to 373 K at a slow rate of 0.5
K-min™" was applied to ensure a slow cooling through the Curie
temperature of bulk BaTiO3 (T,=396 K).43

The grazing incidence X-ray diffraction (GI-XRD) scans were
performed on a Rigaku Smartlab using Cu-K, radiation. The lattice
parameters were extracted from least squares fits utilizing the
WinCSD program package.44

Cross-sections of the MIM-capacitors for high resolution
transmission electron microscopy (HR-TEM) were prepared in a
Helios Nanolab 600i (FEI, USA) Scanning Electron Microscope
(SEM)/Focused lon Beam (FIB) dual beam system equipped with gas
injectors for W and Pt deposition and an Omniprobe
micromanipulator (Omniprobe, USA). After depositing a 2 um thick
protective Pt layer, milling using a 30 keV Ga" ion beam resulted in a
cross-section area of 5 x 5 umz, which was subsequently polished

This journal is © The Royal Society of Chemistry 20xx
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with 5 keV and 2 keV Ga" ion beams, respectively. These MIM-cross
sections were investigated utilizing a Titan 80-300 operated at 300
kV, which is equipped with a high-angle annular dark-field (HAADF)
detector (Fischione, USA), a spherical aberration (C;) probe
corrector and a post-column Gatan image filter (GIF). Digital
Micrograph (Gatan, USA) and Tecnai Imaging and Analysis (FEI, USA)
software were used for the image processing.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted using a Physical Electronics VersaProbe 5000 under a
base-pressure of ~10® Pa. An Al-Ka source provided incident
photons with an energy of 1486.6 eV at 10 kW mm™. The XPS
spectra were collected with the pass energy of 23 eV. An electron
neutralizer was used to neutralize the surface. Linear energy
correction was applied in reference to the carbon spectra. The
energy of the Cls peak of non-oxidized carbon was set at 284.8 eV.
The detector was placed at the angle of 87.2° relative to the surface
in order to collect the XPS signal from a larger volume of the films.

The electrical properties of the MIM-capacitors were
measured in a probe station (Lakeshore Cryotronics TTP4) utilizing a
Keithley ~SCS-4200 electrometer for collecting frequency
dependences (10kHz - 1MHz) of capacitance & loss tangent and a
Precision Tester (Radiant Technologies, Inc.) for collecting
polarization hysteresis loops. The measurements were performed in
air at room temperature and under vacuum of ~10" Torr over a
temperature range of 190-420 K, on cooling and heating, at a
constant rate of 5 K min~".
spectra backscattering
configuration z(x,x +y)Z using a single monochromator
(XploRA, Horiba Jobin-Yvon, Edison, NJ) and a laser (4 mW, A =
532 nm) focused to a spot diameter of =10 um at an intensity
of 1.6x10° W cm™. Light was dispersed using a 2400 gr mm™
grating and collected using a Peltier-cooled array detector. The
sample temperature was varied from 123 K to 473 K (Linkham
THMS 600, instrumental precision £0.1 K) in increments of 5 K
at a heating ramp rate of 5 K min™. The sample is also allowed
to equilibrate for 1 min between consecutive Raman scans.

Raman were collected in

Results & discussion

Material characterization.

Four BTO thin films with varying Ba/Ti ratio were grown by ALD and
were characterized by XRD, RBS, TEM, XPS, and Raman scattering
techniques. Details on the structural characteristics of the samples
are provided elsewhere.”

Room-temperature X-ray diffraction scans, collected after
the annealing step reveal the presence of polycrystalline BTO
in the perovskite structure for all samples and, independent of
the composition, no additional peaks are detected. The GI-XRD
patterns point towards a cubic symmetry or a marginal
tetragonal distortion. However, Raman spectra clearly show
the tetragonal symmetry for the perovskite in coexistence with
the hexagonal BTO polymorph within all thin film samples. The
Ba/Ti-ratio values have been determined using RBS
measurements. The details of the RBS analysis are provided

This journal is © The Royal Society of Chemistry 20xx

elsewhere.”? Figure 1 shows the lattice parameters, which
were extracted from least squares fits to the cubic perovskite
structure (SG: Pm3m). A lattice expansion of 0.2 % with
increasing Ba/Ti-ratio is observed. The mean values and
standard deviations of crystallite sizes determined from the
Gaussian fittings (Fig. S1) of the distribution of sizes obtained
from TEM images are also depicted in Fig. 1. Detailed TEM
investigations have been performed for all films, which had
top Pt electrodes deposited before the annealing procedure.
The results of this study (see Ref. 42 for details) imply that an
extended metastable solubility range exists for the perovskite-
phase on both sides of the stoichiometric composition. The
absence of any additional secondary phases besides the
hexagonal polymorph, together with the lack of cation
segregation at the grain boundaries and film-substrate
interfaces confirm that the off-stoichiometry is accommodated
within the BTO crystallites. Moreover, the independence of the
ratio of hexagonal to perovskite polymorph to the Ba/Ti-ratio
and the systematic change of the lattice parameter indicate
that cation defects are located in the perovskite phase.42

0.402

0.401

{ _______________ ]

(wu) az1s ulein

-@- Grain size [
- A- Lattice par.

Lattice parameter a,, (nm)

T T
090 095 100 105

Ba/Ti ratio

T T
080 0.85

Figure 1. Lattice parameters for the pseudo-cubic structure, a,. (from XRD),
and average crystallite size (from TEM) as a function of Ba/Ti ratio.

In the present work, additionally investigated a
stoichiometric (Ba/Ti=1.01) sample by TEM, where the top
electrodes were deposited after the annealing process. A cross
section of the MIM-capacitor was examined between the top and
bottom Pt electrodes to unravel the influence of the
presence/absence of a top electrode during the annealing process
on the crystallite size and resulting physical properties. Figure 2
shows representative BF-TEM images for two stoichiometric (Ba/Ti
=1.01) samples, one with top electrodes deposited before annealing
(Fig. 2a) and the other one with top electrodes deposited after
annealing (Fig. 2b). The distribution of crystallite sizes obtained
from the TEM images for each sample and their fitting are
presented in Figs. S1 and S2, respectively. As expected, the
comparative analysis indicates that the crystallite growth is
suppressed by the presence of a top electrode during the annealing
process. While the distribution of crystallite sizes is fitted by one
Gaussian function with a mean value of 12.1 nm for sample with
electrodes before annealing, the size distribution is fitted by two
Gaussians, with the mean values of 12.0 and 35.0 nm sizes for
sample with electrodes after annealing. In addition, the cross

we
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section between the free area (no top electrodes) and bottom
electrode obtained for a stoichiometric sample was also analysed.
The distribution of grain sizes obtained from TEM images of this
cross section and the fitting are presented in Fig. S3. For this case,
the main value of crystallite size is 17.1 nm. Below we will show
how the difference in crystallite size affects the ferroelectric phase
transition.

a) b)

top Pt electrode top Pt electrode

BTO

Figure 2. BF-TEM cross sections of the MIM-structures after the annealing
step for the thin films with Ba/Ti-ratio of 1.01 with top Pt electrodes
deposited a) before and b) after the annealing procedure. The yellow
dashed lines highlight some crystallites within the cross sections.

The valence states of Ti and Ba and their possible change with
compositional variation have been probed by XPS. The Ti and Ba
spectra and their fitting are presented in the Supporting
Information. Figure S4 unambiguously demonstrates that Ti in the
oxidation state 4+ is present independent of
composition. The XPS Ba spectra collected for the films with various
Ba/Ti ratios, displayed in Figure S5, show that the Ba3d5/2 peak
contains two lines, corresponding to the Ba’* ions located in deeper

in all films

layers of the films and on the surface with a shift to higher energy.
The intensity of the line originating from the Ba’" ions from the bulk
of the films monotonically increases, while the intensity of the line
corresponding to the Ba>* on the surface systematically decreases
with increasing Ba/Ti ratio. We note that independent of the
composition no recharging effects of the cations is observed.

Dielectric study.

Frequency dependences (from 10 kHz to 1 MHz) of the
capacitance and loss tangent were collected within
temperature intervals of 190 K<T<420 K for the films with
Ba/Ti ratios of 0.8, 0.92 and 1.01, and between 250 K and 420
K for the film with a Ba/Ti ratio of 1.06. First, the samples were
cooled down from room temperature to 190 K/250 K, followed
by heating up to 420 K and a subsequent cooling to room
temperature. A negligible frequency dependence of the
permittivity and loss tangent was observed within the
investigated temperature intervals for all samples.
Representative temperature dependent data obtained at 100
kHz for four samples with the top Pt electrodes deposited
before the annealing procedure are depicted in Figure 3. In all
cases, the dielectric constant is normalized to its maximum

4 | Nanoscale, 20xx, 00, 1-10

value g,. The absolute maxima of the dielectric constant and
temperature extracted from the cooling and heating cycle are
summarized in Table 1. As displayed in Fig. 3a, the samples
exhibit a broad non-monotonic dependence with hysteretic
behaviour. The maximum permittivity shifts from 212 K to 350
K for cooling and from 230 K to 355 K for heating as the Ba/Ti
ratio increases from 0.8 to 1.06, respectively. The temperature
dependence of the dielectric loss (tand) reveals a distinctly
different behaviour for each composition (Fig. 3b). While a
broad, but at the same time, rather pronounced maximum
around 200 K for a Ba/Ti ratio of 0.8 is present, this maximum
becomes smoother with increasing Ba-content and practically
vanishes at the stoichiometric composition. However, in the
Ba-rich sample the scenario is vastly different as the loss
tangent not only increases with temperature, but is in general
higher than for all other samples. This behaviour might
indicate the segregation of space charges at grain boundaries.
Considering the formation of Schottky defects as the main
source for off-stoichiometry, the amount of oxygen vacancies
is higher in Ba-rich than in Ti-rich sample (see equations (2)
and (3) below), so space charges might form more readily in
this case. To further consider the influence of the leakage
current on the temperature behavior of losses, we provide the
electric field dependences of current density (J-E) for the films
with different Ba/Ti-ratio. The dependences depicted in Fig.
S6a demonstrate that the films with different stoichiometry
are basically identical in their J-E response, so there is no
correlation between the J-E behavior and features in Fig. 3b for
the film with Ba/Ti=1.06.

a) 1.02 3
14x10”
12
@
2
o 104
L
T
8 8 . 5
° ""i--nm.mu: uuuuu .
=} N Soeset,
L 0.92
RS ‘“h.“ on f
e,
“ bl
092 T T T T T T
200 250 300 350 400 200 250 300 350 400

Temperature (K) Temperature (K)

Figure 3. Temperature dependence (cooling and heating cycles) of a)
normalized dielectric constant and b) dielectric loss as a function of the
Ba/Ti ratio. Markers — experimental data, lines — fits to equation (1) for the
heating cycle.

The maximum in &T) is indicative of a phase transition in
ferroelectric materials. The total shift of the peak temperature T,,
over the studied frequency range cannot be clearly determined
because of Nevertheless, it
mentioning that the weak frequency dispersion of T,, should still be

its broad occurrence. is worth
present due to the diffuse type of the transition as we will elaborate
below. Since &T) exhibits thermal hysteresis,
ferroelectric phase transition should be present, which is similar to

a first-order

bulk BTO. A progressive reduction of the hysteresis with increasing
Ba/Ti ratio is observed. The hysteresis exhibits the largest value of
18 K for the most Ti-rich sample (Ba/Ti = 0.8), continuously
decreases to 10 K for the nearly stoichiometric sample (Ba/Ti =
1.01) and ultimately shrinks to 5 K for the most Ba-rich sample.

This journal is © The Royal Society of Chemistry 20xx
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Compared to the single-crystal counterparts and larger grain
ceramic specimens with stoichiometric composition, the transition
temperature drops dramatically. This decrease of T, definitely
relates to the reduced crystallite sizes, as analogous shifts in the
ferroelectric transition temperature were observed in a number of
ceramic and thin film samples: e. g., the T, was registered at 379 K
for 50-nm* and 30-nm*’ ceramic samples and at 333 K for grain
sizes of 22 nm*®. In analogy, the decrease of the Curie temperature
was reported for polycrystalline BTO films as a function of the film
thickness and grain size.”

b)zom10°

Dielectric losses

T T T T
200 250 300 350 400 200 250 300 350 400
Temperature (K) Temperature (K)

Figure 4. Temperature dependences (on heating) of a) dielectric constant
and b) losses at three representative measuring frequencies for the
stoichiometric sample (Ba/Ti= 1.01) with top electrodes deposited after
the annealing step. Markers are experimental data; lines are guides to the
eye.

To probe how the crystallite size affects the temperature
behaviour of dielectric parameters for the present thin films, and
thereby disentangle the size effect from a compositional effect, we
also investigated the stoichiometric (Ba/Ti = 1.01) sample with the
top electrodes deposited after the annealing step. In this case, the
crystallites underneath the top electrodes are larger and the
distribution of grain sizes is different from the sample, in which the
top electrodes were deposited before the annealing procedure (see
Figs. S1c and S2). This difference clearly shows that an additional
layer on top of the thin film effectively reduces the grain growth
compared to an unconfined film surface. Figure 4 reveals the
presence of two peaks in &T) and tand(T) dependences for the
MIM-capacitor with the top electrodes deposited after the
annealing step. The first peak is observed around T,,= 330 K and the
second one at T,, = 390 K. The dependences can be considered as
frequency independent, although they exhibit a very broad
transition region and, therefore, a diffuse type phase transition. A
comparison between the grain size distributions for the samples
with top electrodes before and after annealing allows us to
attribute these maxima to the phase transitions for crystallites of
two groups, with smaller (average 12 nm) and bigger (average 35
nm) sizes. The bigger grains are also clearly visible in the TEM image
displayed in Fig.2b and the wide grain size distribution results in the
very broad phase transition region displayed in Fig. 4. It should be
noted that the peak at higher temperature (T, = 390 K) is very close
to the Curie temperature for bulk samples (T, = 396 K)**, and the
peak at lower temperature (T, = 330 K) can be associated with a
decreased T, due to the crystallite size reduction and is very close
to T, = 315-325 K for the sample with top electrodes deposited
before the annealing step. This comparison allows us to

This journal is © The Royal Society of Chemistry 20xx

independently discern the crystallite size effect and hereby confirm
that the change of the transition temperature observed for the
samples with different Ba/Ti ratio (see Fig.3a and Table 1) is
predominantly caused by the different compositions. Thus, we
reveal a huge shift in the transition temperature of AT = 138 K due
to the variation in the cation ratio from 0.8 to 1.06. Taking into
account similar fabrication conditions, film thicknesses, and grain
sizes (see Fig.1) for all four samples, it becomes apparent that the
dramatic deviation of the transition temperature is directly
correlated to the variation of stoichiometry. Such a big increase of
the Curie point, AT = 120 K, due to variation of the Li/Nb ratio from
0.96 to 1.04, has been observed earlier in LiNbO; crystals.48 A
smaller increase of T, about 10 K, due to variation of Ba/Ti ratio
from 0.99 to 0.999 has been demonstrated in ceramic BTO
samples.37 Compared to BST ceramics, this large shift in Curie
temperature corresponds to a change in the Ba/Sr-ratio of more
than 50%. Before discussing which microscopic mechanisms could
provoke this effect, we shall first analyse the behaviour of the
dielectric constant.

Table 1. Maximum temperature, T, and dielectric constant, &, extracted
from experimental temperature dependence for the four films with top
electrodes deposited before annealing. Parameters A and § from least
square fits to equation (1)

Ba/Ti Tmon &n 0N A (K) 3
ratio cooling/heating (K) cooling/heating

0.8 212 /230 84.6 /84.6 650+ 6 2
0.92 258 / 275 110.7 / 110.9 593+5 2
1.01 315 /325 168.6 / 169.3 588+6 2
1.06 350/ 355 163/163.8 565+ 10 2

The decrease of T, because of grain size reduction is typically
accompanied by the broadening of the maximum and decreasing of
the dielectric constant. Table 1 shows how the maximum dielectric
constant, g, changes with composition variation. The room
temperature dielectric constant as a function of frequency for the
films with Ba/Ti=0.8, 0.92, 1.01 and for the film with Ba/Ti=1.01
with top electrodes after annealing is depicted in Fig. S6b. As was
mentioned in our prior paper, the room temperature dielectric
constant strongly depends on stoichiometry, especially on the Ti-
rich side. It is reduced by 50% in the Ti-rich samples compared to
the stoichiometric one, but remains almost unchanged upon further
increasing the Ba/Ti ratio.* In the present work, the same trend is
observed for &, from the temperature dependence of the dielectric
constant. As noted above, the phase transition in fine grained
samples is very broad and is therefore coined a diffuse phase
transition (DPT). A simple and explicit model qualitatively and
quantitatively describing the temperature dependence of the
dielectric permittivity at the DPT was suggested:49

&
= 1+((T—7;m)/A)f (1)
where Aand & are empirical parameters related to the transition
diffuseness and to the character of the phase transition,
respectively. The parameter A is the peak broadening that indicates
the degree of diffuseness. The parameter ¢ can take values
between 1 for a typical ferroelectric behaviour and 2 for the so-
called “complete” DPT. The solid curves depicted in Fig.3a are fitting

Nanoscale, 20xx, 00, 1-10 | 5
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results to equation 1. All data are best fitted with a parameter =2
and the parameters A shown in Table 1. A slight, gradual decrease
of the diffuseness degree with increasing Ba/Ti ratio can be noticed.

Due to the wide distribution of grain sizes, there is a range for
the T¢in a DPT, so the peak temperature T,, can be regarded as an
average T (correlated to the average grain size). Keeping this in
mind, we use the term phase transition temperature for the peak
temperature T, in the discussion below.

Accounting average grain sizes of 8-12 nm in all compositions
(see Fig.1), we approach the ferroelectricity limit. Indeed, Figure 5a
shows an extremely narrow hysteresis loop collected at 300 K at
500 Hz. We observe here that the polarization changes as a function
of Ba/Ti ratio in a similar manner as the dielectric constant (see
Table 1). The values of both, maximum polarization P,, (at E =
0.545 MV/cm) and remnant polarization P,,, drop by almost 50%
for the Ti-rich samples and only slightly decrease in the Ba-rich
sample compared to the stoichiometric one. Figure 5b presents the
temperature behaviour (heating cycle) of the values of maximum
and remnant polarization as a function of Ba/Ti ratio. While P,
remains almost unchanged over the phase transition region for all
compositions, P, exhibits a non-monotonic behaviour with a weak
and wide hillock around T,, for the Ti-rich films (Ba/Ti = 0.8, 0.92)
and with more pronounced and narrower maxima for the
stoichiometric and the Ba-rich (Ba/Ti=1.06) samples. Considering
practically similar grain sizes for all compositions, such a difference
indicates that the latter two films contain more crystallites with
stable domains or domain structure, which contribute to the
polarization in zero electric field. These crystallites are likely more
strained and therefore should have a higher ratio of tetragonality
(c/a) or lower symmetry. Furthermore, the remnant polarization,
although approaching zero at elevated temperature, does not
vanish above T,, for these two samples, implying that there are
residual strains in the vicinity of the DPT on the high-temperature
side that preserve the polarization within the grains. For Ti-rich
samples, the remnant polarization remains almost zero over the
entire temperature region. Therefore, the samples are expected to
have more strain relaxed crystallites with minor or no distortion
from cubic symmetry (c/a->1). The room-temperature hysteresis
loop for the stoichiometric sample with top electrodes deposited
after the annealing step is displayed in Figure 6. While the
maximum polarization for this film is similar, the remnant
polarization is enhanced by a factor of 3 compared with the same
sample with top electrodes deposited before annealing (Fig. 5). This
difference most certainly arises from the presence of larger
crystallites within this thin film.
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Figure 5. Polarization behaviour: a) hysteresis loops at 305 K and b)
temperature dependence (on heating) of maximum polarization P, at
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E=0.545 MV/cm (left) and remnant polarization P, at E=0 (right) for
samples with various Ba/Ti ratio. The dashed and solid lines are guides for
eye.

2,

Polarization (uC/cm’)
o

0.8 -04 0.0 0.4 08
Electric field (MV/em)

Figure 6. Room-temperature hysteresis loop collected at 1 kHz for the thin
film with Ba/Ti-ratio of 1.01 and top electrodes deposited after the
annealing step.

From a microscopic point of view, the shift of the ferroelectric
transition temperature in BTO strain/stress mediated
phenomenon for any kind of effect (including any interfacial and
gradient effects). We would like to underscore that in contrary to
epitaxial films, the strain due to the lattice mismatch between
substrate and film has a negligible influence on the structure of
polycrystalline BTO films. As TEM images show (see Fig.2), the
crystallites within all films are randomly oriented, so no preferential
alignment occurs. This fact is further corroborated by XRD data,
which show the polycrystalline nature of all thin films.** Moreover,
as the growth and annealing conditions were kept identical for all
samples, we assume that the strain induced by the thermal
expansion mismatch between substrate and film is equivalent for all
films. With respect to the compositional gradient effect, we refer
again to the microstructure analysis and further note that no
measurable cation segregation at the grain boundaries is observed
from TEM.* Therefore, we focus on the impact of the composition
hereafter.

For compositional effects within the lattice the strain arises
from the defects formed during the crystallization of BTO, so called
Vegard strain (or chemical pressure).

In off-stoichiometric BTO the following types of partial
Schottky defects are typically considered®*!

is a

BarTio.

Ti-rich side:  Ti0, == Ti¥, + 208 + V!, + Vg (2)
BaTio:

Ba-richside: Ba0 == BaX, + 0X + Vi +2v5"  (3)

Now we estimate the strain due to the presence of partial
Schottky defects, with respect to stoichiometric deviations in the
chemical formula. For this purpose, we use the results of
calculations made by Freedman et al. for strontium titanate (STO).52
Since BTO is very similar to STO in terms of chemical bonding, the
perovskite crystal structure, and lattice parameters, the estimation
of the chemical strain in BTO using these results seems appropriate.
The local strains imposed by different defects such as oxygen
vacancies (Vg), strontium vacancies (Vs,), titanium vacancies (Vy),
strontium-oxygen divacancies (Vs-Vp), and titanium-oxygen
divacancies (V1-Vp) determined in Ref. 52 are provided in Table 2.
Here, & is the chemical strain (4a/a), and & denotes the deviation
from stoichiometry that specifies the number of defects per

This journal is © The Royal Society of Chemistry 20xx
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chemical unit. Positive Vegard strain results in lattice expansion,
and negative Vegard strain in lattice contraction.

Table 2. The ratio of the chemical strain to stoichiometric defect deviation
d for SriTiO3.5, Sry.5TiO3, SrTi;.503, Sry.5Ti035 and SrTi;. 503 5 (taken from Ref.
52)

VO VSr VTi VSr'VO VTi ’VO

&/ +0.001 +0.030 +0.402 -0.008 +0.260

Our Ti-rich samples can be treated as Ba;sTiO35, while Ba-rich
samples as BaTi;.505.,5 in accordance with equations (2) and (3),
respectively. First we estimate the contribution of the partial
Schottky defects to the strain. For this, we calculated the strain &,
which should be created if a) only isolated vacancies are
introduced, and b) if only divacancies (and additional Vo for Ti-
deficient films to maintain charge balance) are introduced. For the
stoichiometric composition (3 = 0) we assume an unstrained state
(.= 0). The calculated strain versus Ba/Ti ratio is displayed in Figure
7. The strain determined using the lattice parameters from XRD
data (see Fig.1) is also depicted in Fig. 7. A pseudo-cubic lattice
parameter for stoichiometric BTO, a,.=4.007 A (this is an average
value for the tetragonal structure, where 6=3.992 A and ¢=4.036 A)
was used. In addition, the variation of the phase transition
temperature (bars indicate the T,, values on cooling and heating
taken from Table 1) as a function of the Ba/Ti ratio is presented in
Fig. 7. The dependence for T, follows a linear relation as indicated
by a least-squares fit. Comparison of the estimated values of the
strain with experimental values allows us to conclude that the strain
produced by divacancies exhibits a similar trend as the
experimentally observed strain with negative strain on the Ti-rich
side and positive strain on the Ba-rich side. However, the strain
obtained using lattice parameters from XRD is smaller than the
theoretically predicted strain arising from partial Schottky defects.
For possible sources of strain relaxation, the following contributions
could be considered: with respect to the internal stress at the grain
boundaries, different mechanisms of its evolution were suggested,
and there is not a consensus so far. Although many calculations
show that the driving force for the internal tensile stress is surface
energy reduction due to grain boundary formation,” the measured
value of this stress is much lower than that attributed to
compressive stress due to insertion of additional atoms into the
grain boundaries as a way to relax the tensile stress in the film.>***
We do not observe any segregation of cations at the boundaries
from TEM, and therefore assume that quite high internal tensile
stress is present in our samples. This suggestion is supported by the
fact, that several polymorphs (cubic, tetragonal and hexagonal) are
formed for all compositions due to the non-equilibrium state. This
internal stress at the grain boundaries could facilitate the relaxation
of the strain due to partial Schottky defects located inside
crystallites. Regarding the second possible source, we observe
compositional inhomogeneity from elemental mapping in TEM
cross sections.* This spatial off-stoichiometry likely occurs in order
to lower the total energy and therefore might also relax the local
strain induced by Schottky defects.

3 ., * 350
25x10" -@- XRD Ay
- - divacancies e !
-®- iso_vac > 0
20 // 300
®© i
] 154 . v 4
3 > /
c o 2503
B 40 b 3
This journal i @ [ 7

200

150

Figure 7. Strain from theoretical calculations (circles, triangles), strain
determined from XRD (diamonds) and transition temperature T,, (squares)
versus Ba/Ti ratio. Markers are experimental or calculated values, solid
line is a linear fit (y=-188 + 505x), dashed lines are for clarity.

Raman scattering study.

To complement and support our dielectric study,
conducted a detailed analysis of the Raman spectra collected
in the temperature range from 123 K to 473 K (heating cycle)
for the two thin films with lowest and highest Ba/Ti-ratio, 0.8
and 1.06, respectively. All spectra were collected in areas of
the film surface between the top Pt electrodes. It should be
mentioned that the Raman spectra for samples with top
electrodes deposited before and after annealing are similar,
which means that the microstructure between the top
electrodes is basically identical independent of the top
electrodes deposition procedure. Figure 8 shows the room-
temperature spectrum collected for the stoichiometric
(Ba/Ti=1.01) sample which has top electrodes deposited
before annealing. The spectrum demonstrates the presence of
tetragonal (t-BTO) and hexagonal (h-BTO) polymorphs and is
representative for all thin films used in this study.42 No peaks
from impurity phases are visible. Note that a polymorphous
mixture is frequently observed for polycrystalline BTO thin
films and was also reported for nanoparticles with a size of 40

55-57
nm.

we
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Figure 8. Room-temperature Raman spectra for the stoichiometric
thin film (Ba/Ti=1.01) with top electrodes before annealing.

The temperature dependent Raman spectra collected for the
samples with Ba/Ti-ratios of 0.8 and 1.06 qualitatively look similar
to the room-temperature spectra displayed in Figure 8. The wide
band in the wavenumber range of 150-300 cm™ contains several
overlapped modes including the ~180 em™ peak assigned to the £,
mode of h-BTO*® and the ~280 cm™ peak assigned to the A;(TO,)
mode of t-BTO.” However, each of these peaks is not well isolated
and has contributions of a few modes. Therefore, it is impossible to
use these peaks for a meaningful analysis. The 520 em™ peak
primarily represents the A;(TO3) component of the A,(TO) spectrum
of t-BTO.*® As was shown recently, the frequency of the 520 em™
mode of t-BTO gradually decreases and its width broadens until the

Nanoscale, 20xx, 00, 1-10 | 7
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mode almost disappears above the ferroelectric transition in a
polycrystalline BTO thin film.% For the hexagonal polymorph a very
prominent ~620 em™ peak is assigned to the A, mode.*® As seen in
Fig.8, the Raman spectra also contain a ~720 cm? peak, which
represents the A;(LO;) mode of t-BT0.>® This peak is broad and has
a low intensity. Moreover, its frequency remains practically
constant throughout the tetragonal phase.59 According to different
studies, the soft mode in the perovskite BTO has two components:
a doubly degenerate overdamped component E(TO,), the frequency
of which varies within 35+5 cm™, and the half-width is 85115 cm™
and the totally symmetric component A,(TO,) at a frequency of
280-308 cm % While the overdamped component E(TO,)
condenses very fast and becomes invisible approaching the
ferroelectric phase transition, the frequency of the A4(TO,)
component remains almost unchanged with temperature in
polycrystalline thin films.® In our Raman spectra, the situation is
more complicated due to the presence of a polymorphous mixture
in all samples. When a soft mode is overdamped or even
unavailable in a material with structural disorder, it is appropriate
to obtain information about the phase transformation by
monitoring the temperature behaviour of the spectroscopic
parameters of other modes, which are sensitive to the symmetry of
the structure.’®® Considering all these factors, we decided to base
our analysis on separately evaluating the temperature behaviour of
the frequency, integrated intensity, and FWHM (full width at half
maximum) for the 520 em? (t-BTO) and 620 cm™ (h-BTO) peaks.
Bose-Einstein correction has been performed prior to the data
analysis of structural phase transitions; in addition, fitting with a
Lorentzian lineshape has been applied following the methodology
described in detail previously.62

Frequency (cm’)
-
-

Integrated Intensity (arb. units)
.

220 240 260

Temperature (K)

180 200

Figure 9. Temperature dependences of the frequency, integrated
intensity and FWHM of the 520cm™ peak for the Ti-rich sample
(Ba/Ti=0.8).

Figure 9 shows the temperature dependences of the
spectroscopic parameters of the 520 em™ peak for the Ti-rich
sample (Ba/Ti=0.8). As demonstrated, the frequency of the 520
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cm™ peak decreases non-monotonically from 532 cm™ to 526
cm™ as the temperature increases from 100 K to 320 K. The
reduction rate sharply changes at ~212 K. Starting from this
point, the frequency remains unchanged until ~230 K and
continues to gradually decrease above 230 K. The integrated
intensity displays an anomaly in the same temperature range,
while the FWHM consistently increases over the entire
temperature interval. All the features occur in the same
temperature interval as the phase transition observed in
dielectric measurements for this film. The temperature
behaviour of the 620 cm™ peak is not so distinct (see Fig.S9).
Its frequency continuously increases and a slight change in the
slope can be noticed in the interval from 212 K to 230 K. Other
parameters, i.e. the width and integrated intensity, change
marginally and monotonically, with no specific features
detectable between 212 K and 230 K. Based on this analysis we
conclude that the phase transition around 212-230 K revealed
in the dielectric study is fully attributed to the structural
transformation of the perovskite phase from tetragonal to
cubic with increasing temperature, although the symmetry
change marginally influences the dynamics of the h-BTO
phase. Moreover, the extended temperature interval for this
specific behaviour of the spectroscopic parameters for the 520
cm™ mode, confirms the diffuseness of the phase transition.
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b) 300 320 340 360 380 400 420 440 460 480
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Figure 10. Temperature dependences of frequency, integrated
intensity and FWHM of the 520 cm™ (a) and 620 ecm™ (b) peaks for the
Ba-rich sample (Ba/Ti=1.06).

Figure 10 displays the frequency, integrated intensity and
FWHM as a function of temperature for the 520 cm™ and the
620 cm™ peaks for the most Ba-rich thin film (Ba/Ti=1.06).
Here, a significant change in the frequency behavior of the 520
cm™ peak is observed over a wide temperature interval, from
350 K to 415 K. While the frequency decreases as temperature
increases from 290 K to 350 K, it starts to raise at 350 K
followed by a sharp drop at 415 K. The integral intensity and
linewidth also experience non-monotonic changes in the same
temperature range. While the decrease in the intensity slows
down at 350 K and only drops a little between 350 K and 415

This journal is © The Royal Society of Chemistry 20xx
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K, the FWHM sharply changes the behaviour, from increasing
to decreasing, at 350 K and then changes the behaviour again,
now from decreasing to increasing, at 415 K. The temperature
behaviour of the 620 cm™ peak for the Ba-rich sample exhibits
a behaviour strongly correlated to the 520 em™ peak and even
exhibits additional features. As we can see, all parameters
have significant peculiarities in the interval of 350 — 420 K. An
additional anomaly occurs within this range, at ~400 K. This
feature is observed for all spectroscopic parameters of the 620
cm™ peak. Analysis of both peaks for the Ba-rich sample
indicates that the structural transformation of both phases, t-
BTO and h-BTO, occurs simultaneously and/or facilitates each
other. The observation of the phase transition in the Raman
study for the sample with a Ba/Ti-ratio of 1.06 allows a deeper
insight into the nature of the structure transformation.
Although the phase transition region observed in the Raman
spectra includes the transition temperature obtained in
dielectric measurements at 350 K to 355 K, the Raman study
indicates that the transformation has an extended character
and covers a wider temperature range up to 420 K. There are
two reasons, which could cause such a difference: the sample
location, at which the Raman spectra were collected (area
between top electrodes) might have bigger crystallites in
addition to the smaller ones below the electrodes, which are
probed in dielectric measurements or the higher losses, which
are detected in this sample, could mask additional features
that occur during the phase transition for the dielectric
This concerted phase transition of both
polymorphs could account for the unprecedented increase of

measurements.

the Curie temperature compared to the stoichiometric
composition.

Conclusions

In summary, we show a novel route to manipulate a ferroelectric
phase transition in nanograined ferroelectric thin films. The
presented approach is based on the enhanced metastable cation
solubility in nanograined polycrystalline BTO thin films, which
results in the formation of Schottky defects. Measurements of the
temperature dependence of the dielectric constant reveal that the
transition temperature changes linearly from 212 K to 350 K as the
Ba/Ti ratio increases from 0.8 to 1.06 for films with average grain
sizes of 8-12 nm. A significant reduction in the temperature
dependence of the dielectric permittivity that can be desired for
some practical applications is observed and arises from a
completely diffuse phase transition for all compositions. However,
the degree of diffuseness slightly decreases from ~650 for a Ba/Ti-
ratio of 0.8 sample to ~565 for 1.06. For two nearly stoichiometric
films (Ba/Ti=1.01) with different processing sequences, a size effect
manifests itself in the decrease of the Curie point from 390 K for
crystallites with average size of 35 nm to 330 K for crystallites with
average size of 12 nm. This allows to disentangle the contribution of
the size effect to the transition temperature change from
compositional effects. We propose that partial Schottky defects
forming mostly divacancies (Vgy-Vo, V5-Vo) are created to
accommodate the off-stoichiometry. However, the estimates show
that internally imposed strain via chemical pressure should be

This journal is © The Royal Society of Chemistry 20xx

higher than that registered by XRD. Therefore, the internal stress
evolving at the grain boundaries during the crystallization process
of the thin films in conjunction with a locally varying composition
throughout the film are suggested to partially relax the local strain
induced by Schottky defects inside the crystallites.

Temperature dependent Raman experiments confirm the
transition temperature obtained from dielectric
measurements. Monitoring the temperature behaviour of
different modes corresponding to the hexagonal and
perovskite BTO phases reveals that the presence of the
hexagonal polymorph in addition to the perovskite phase
influences the structural transformation on the Ba-rich side,
while it is ineffective on the Ti-rich side. For the Ba-rich thin
film, the Raman study indicates that although the phase
transition region includes the transition temperature of 350 K
determined from the dielectric measurements, structural
reconstructions exhibit an extended character and occur over
a wider temperature range up to 420 K.
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sentence of text (maximum 20 words) highlighting the novelty of the work:

We demonstrate a novel approach for tuning the ferroelectric phase transition in nanograined
thin films utilizing enhanced cation solubility.

— —_— 10 ~ _ BaO _ P
Tiz;+20p+Vpa+Vy < BaTiO3 = Bap,+ 0y +Vp; +2Vy
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