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ABSTRACT

Hybrid molecular beam epitaxy (MBE) growth of Sn-modified BaTiO; films was realized with varying domain structures and crystal sym-
metries across the entire composition space. Macroscopic and microscopic structures and the crystal symmetry of these thin films were
determined using a combination of optical second harmonic generation (SHG) polarimetry and scanning transmission electron microscopy
(STEM). SHG polarimetry revealed a variation in the global crystal symmetry of the films from tetragonal (P4mm) to cubic (Pm3m) across
the composition range, x=0 to 1 in BaTi,_,Sn,O; (BTSO). STEM imaging shows that the long-range polar order observed when the Sn
content is low (x=0.09) transformed to a short-range polar order as the Sn content increased (x =0.48). Consistent with atomic displace-
ment measurements from STEM, the largest polarization was obtained at the lowest Sn content of x =0.09 in Sn-modified BaTiO; as deter-
mined by SHG. These results agree with recent bulk ceramic reports and further identify this material system as a potential replacement for
Pb-containing relaxor-based thin film devices.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002208

I. INTRODUCTION

Ferroelectric materials with large polarization and a piezoelec-
tric response have been increasingly sought after for use in a
variety of devices such as capacitors and micro-electromechanical
system (MEMS) devices such as sensors and actuators.' ™ Of these,
most leading ferroelectrics contain the toxic element lead as they
are based on PbTiO;. The most popular ferroelectric material

One of these ferroelectric systems of considerable interest is
the BaTiO;-BaSnO; alloy system, or BaTi;_,Sn,O; (BTSO),
obtained by substituting Ti with Sn at the B-site of BaTiOs.
Reports in bulk ceramics for the Sn incorporation of x=0.02 in
BaTiO; show a two-fold enhancement in the room-temperature
longitudinal piezoelectric coefficient (ds;) over BaTiO; due
to coexisting tetragonal and orthorhombic phases."*™'° For

system is lead zirconate titanate (PZT) with a large piezoelectric
coefficient due, in part, to the presence of the morphotropic phase
boundary.” Finding lead-free materials that exhibit similar proper-
ties as PZT has been given considerable attention.””” Materials like,
and modified based on, BaTiOj;, BiFeOs, NagsBiysTiOs, and
(K, Na)NbOs; have been the focus of many studies and have shown
properties similar to the lead-based ferroelectrics.*™"*

x=0.11, the presence of a quasiquadruple point, which is a state
of four-phase coexistence, at a temperature of ~40°C produced
a six-fold increase in the dielectric constant at the Curie temper-
ature and a five-fold increase in ds; over these corresponding
properties of undoped BaTiOs.'* The phase coexistence at the
quasiquadruple point creates a double morphotropic phase
boundary and is thought to enhance these dielectric and
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piezoelectric properties by allowing for increased polarization
rotation and extension."*

Although most studies on BTSO use bulk ceramics, thin film
growth by sol-gel methods,'”'® sputtering,'”** and pulsed laser
deposition (PLD)*>** has also been reported. Here, we report, for
the first time, the molecular beam epitaxy (MBE) growth of the
complete solid-solution of BTSO, from BaTiO; (BTO, x=0) to
BaSnO; (BSO, x=1). More specifically, we use the hybrid MBE
technique, which has shown its capability to grow the two end
members in a high-quality manner.””** Hybrid MBE substitutes
the thermal evaporation or sublimation of titanium and tin metal
sources with the evaporation of liquid metal-organic sources. The
metal-organic precursors used here are titanium(IV) tetraisoprop-
oxide (TTIP) for Ti and hexamethylditin (HMDT) for Sn, which
are co-deposited with the thermal evaporation of Ba and an oxygen
plasma source to form BTSO films. Using this approach, both
BaTiO; and BaSnO; have been grown with an adsorption-
controlled growth window for self-regulating stoichiometry control.
Details on the growth method can be found elsewhere.”™””

Il. RESULTS AND DISCUSSIONS

BTSO films were grown on SrTiO; (001) (STO) substrates at
950 °C, measured by a thermocouple, by varying the B-site flux
ratio of TTIP to HMDT while holding the A-site flux of the ele-
mental metal Ba constant. Individual fluxes were measured prior to
growth as a beam equivalent pressure (BEP). Since the individual
B-site fluxes required for BTO and BSO growth were not the same,
BEP(TTIP) =1.1x 107 ° Torr and BEP(HMDT) =2.7 x 10~ Torr,
respectively, fluxes were increased or decreased as a percentage of
their individual total. At the end, the desired amount of Sn incor-
poration at the B-site was estimated using the following equation:

BEP(HMDT)
BEP(HMDT) + BEP(TTIP)

x (BEP ratio) = (1)

High-resolution x-ray diffraction (HRXRD) scans around the
(002) film and substrate peaks for ~40 nm films grown from x=0
to x=1 (bottom to top) are shown in Fig. 1(a). The c-axis of BTO,
the expected out-of-plane orientation, has a smaller lattice parame-
ter (4.036 A) compared to the cubic lattice parameter of BSO
(4.116 A). As a result of this difference, a shift in the (002) film
peak from higher to lower 20 occurred as the HMDT flux was
increased and the TTIP flux was decreased. The peak shift to lower
26, i.e, lattice expansion, signified not only the incorporation of Sn
but also that Sn is likely substituting Ti on the B-site. At the B-site,
Sn** has a larger ionic radius than Ti*", leading to the expansion of
the lattice. If Sn were to go into the A-site, Sn®" would have a
smaller ionic radius than Ba**, indicating the opposite.

Since Sn was likely incorporated as Sn*" at the B-site from
HRXRD, we estimated the cationic ratios near the film surface
from the peak area ratios of Ti*" 2p, Sn*" 3d, and Ba®" 3d peaks in
x-ray photoelectron spectroscopy (XPS). The peak areas in this
ratio were each normalized by their corresponding atomic sensitiv-
ity factors (1.436 for Ti 2p, 5.030 for Sn 3d, and 6.038 for Ba 3d).
The percentage of Sn incorporation near the surface (~5-7 nm), x
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FIG. 1. (a) High-resolution x-ray diffraction patterns of ~40nm BaTis_,Sn,O;
films on SrTiO5 (001). Composition is given by the BEP ratio relation from Eq. (1).
(b) Atomic percentage of Sn(x) determined by XPS plotted against its atomic per-
centage estimated from the BEP ratio. (c) Out-of-plane lattice parameter (a,,) and
(d) FWHM of the film (002) rocking curve. Solid line in (c) is the expected agp
from Vegard's law. Dashed lines in panels (b) and (d) are guide to the eye.

(XPS), was then calculated from the following equation:

ASV!‘H 3d

x(XPS) = (2)

Arprzp + Agut+3g

where A, is the normalized peak area of x (either Ti** 2p or Sn**
3d). The details of the XPS measurement are similar to the study
of surface termination in hybrid MBE grown SrTiO; outlined in
Ref. 29.

We found a close to one-to-one relationship between x (XPS)
from Eq. (2) and x (BEP ratio) from Eq. (1) as shown in Fig. 1(b).
This observation suggests that the amount of Sn incorporated in
BaTiO; can be reliably predicted from the growth conditions. We
note that the sample with the smallest amount of Sn (x=0.09) did
not show a Sn signal in XPS, despite the change in the out-of-plane
lattice parameter from Sn alloying in BaTiOs. This difference may
arise from the combination of surface contamination and the inho-
mogeneous distribution of Sn through the depth of the film
observed in scanning transmission electron microscopy (STEM),
with a higher concentration of Sn at the film-substrate interface
than the surface region probed by XPS. Carbon contamination on
the film surface may further attenuate the weak Sn signal from the
Sn-deficient surface region, making the Sn peak detection for this
film challenging.
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Taking the peak intensity position from each film, the
out-of-plane lattice parameter (a,,) was calculated and is shown in
Fig. 1(c). As Sn incorporation increased, a,, increased from the
bulk BTO value to close to the bulk BSO value as predicted by
Vegard’s law, which confirms that Sn substituted Ti at the B-site”’
The larger discrepancy for the BSO (x =1) film has previously been
shown to be due to residual strain in the film.””

While a,, was taken from the peak intensity position, the
(002) film peaks were asymmetric except when x = 0 or x = 1. The
asymmetry of the peak increased with increasing Sn content up to
x=0.48, beyond which the peak returned to a more symmetric
shape. The asymmetry indicates that there is a range of lattice
parameters in these alloyed films. The same trend was also
observed in the FWHM of the film (002) rocking curves, seen in
Fig. 1(d). Together, these trends signify increased disorder in the
film as the Sn concentration increases, up to a point where it
returns to a less disordered structure with a FWHM similar to that
of BSO. The disorder may signify the increasing presence of multi-
ple phases or complicated domain structures involving polar nano-
regions (PNRs) as Sn is added to the structure. This will be
discussed based on optical second harmonic generation (SHG)
polarimetry and STEM results.

BSO has the prototypical cubic perovskite crystal structure
with the space group Pm3m, but, after alloying with BTO, which is
tetragonal with the space group P4mm, it is conceivable that a

(a) (b)

Ba(Ti,Sn)O5

yEw

BaTig 915N, 0903
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change in symmetry occurs. To verify the crystal symmetry, optical
second harmonic generation polarimetry was utilized, a schematic of
which is shown in Fig. 2(a), where the red and blue rays are funda-
mental (labeled w) and second harmonic frequencies (labeled 2w),
respectively.”’ The SHG experiment was performed using the ampli-
fied laser with a central wavelength at 800 nm (1 kHz, 100 fs) gener-
ated by a Tisapphire femtosecond laser system. The incident
polarization was rotated as a function of azimuthal angle ¢, and the
incident angle (0) is set at 45°. The p and s polarized SHG intensity
(I;"’ and I?) were measured while rotating the incident polarization
at the fundamental wavelength (described by the azimuthal ¢).

SHG relies on a second-order nonlinear optical phenomenon
where a nonlinear medium combines two photons at frequency
into one photon at 2w frequency.”' Mathematically, this phenome-
non is expressed as P,-z“’ = ;(SJZk)EJ“’Ef, where P2, 7((2), and E° repre-
sent nonlinear polarization, SHG susceptibility, and electric field at
o, respectively. The subscripts i, j, k denote components, and the
Einstein summation convention is used. Due to the symmetry con-
straints, the dipolar SHG response will only be seen if the material
possesses the broken inversion symmetry. We experimentally con-
firmed that the cubic centrosymmetric BSO sample, (x=1) is SHG
inactive, which is consistent with our expectation for space groups
with inversion symmetry. Adding Sn to BTO, an SHG signal was
seen until after the x = 0.48 sample, signifying a large amount of Sn
can substitute Ti before the structure turns centrosymmetric.

BaTig g4Sng 1603 BaTig g45n, 4503
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FIG. 2. (a) Schematic representation of the SHG measurement. The red and blue rays represent the fundamental (labeled w) and second harmonic frequencies (labeled
20), respectively. 6 is set at 45°. (b) SHG polar plots (Ig“’ and /%) as a function of azimuthal angle ¢ for BTSO films. No signal was seen for x=1 and 0.69. (c)
Room-temperature square root of the SHG intensity, which is proportional to polarization, plotted against the Sn to Ti ratio, x, after heating to 400 °C and then cooling. (d)—
(f) Temperature-dependent out-of-plane lattice parameters upon heating obtained from HRXRD. Error bars for all are the same but only displayed for the first data point.
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As the amount of Sn was increased, the SHG signal decreased
until it no longer could be collected at x > 0.69. Polar plots and their
fittings for three Sn-modified samples which show signals are shown
in Fig. 2(b). The fitting details are further discussed in supplemen-
tary material.”> From our model, x = 0.09 and 0.16 can be explained
by the single domain of the tetragonal phase (P4mm) with polariza-
tion in the out-of-plane direction, which is a promising result for
enhanced ferroelectric properties of BTO. Noticeably, this result
differs from bulk ceramic reports where a shift from tetragonal to
orthorhombic at room temperature occurs at x ~0.04."* This indi-
cates the stabilization of the higher-temperature phase in thin films,
an effect most likely imparted by the substrate. As for x = 0.48, multi-
domains are considered to account for changes in the polarimetry
such as broadened lobes in I?. The analysis suggests that multiple
tetragonal domains are formed, and the major polarization direction
is reoriented from the out-of-plane to the in-plane direction. Further
increasing Sn leads to the loss of the SHG signal, which is consistent
with a structural transition from P4mm to Pm3m.

SHG also allows for an estimation of the overall polarization
of a material based on the collected intensity, as the square root of
the SHG intensity is proportional to the polarization. By alloying
from BSO to BTO, polarization shows an increase as shown in
Fig. 2(c). A maximum in polarization was observed at x=0.09,
close to the expected maximum based on results for bulk ceramics
(x~0.11)."* We performed SHG polarimetry on the BTO (x=0)
sample, but do not compare its SHG signals to the signals from
Sn-modified BTO samples since STEM suggests the presence of the
BaO phase in the BTO sample (Fig. S1, Ref. 35). The Sn-modified
BTO samples measured similarly in STEM did not show any BaO
phases.

Another important aspect of ferroelectric materials is their
phase transitions. Here, a,, was measured as a function of tempera-
ture from HRXRD [Figs. 2(d)-2(f)]. For x > 0.48, a,, increases lin-
early with temperature [Fig. 2(f)]. However, as Sn is decreased
further, a nonlinear change in a,, as a function of temperature
occurred and resembled what is typically seen for a phase transition
in these BTO-based thin films. From the local minimum at higher
temperature, the T, of 320 and 340 °C was obtained for x=0.16
and 0.09, respectively. The increase in T, with decreasing Sn does
follow the usual trend of BTSO. However, we note that the actual
transition temperature may be slightly different as data points were
taken only every 20 °C. The change in the a,, of the BTO (x=0)
sample with increasing temperature is not included due to the pres-
ence of the BaO phase, which may affect phase transition behavior.

The peak asymmetry and the increasing FWHM from
HRXRD with increasing Sn incorporation suggest that the struc-
ture, composition, and symmetry of the Sn-modified BTO films
may vary microscopically. SHG can probe a large area of a sample
(~20 um spot size), allowing for a mapping of global symmetry. To
study how these film properties change with Sn incorporation at a
more microscopic level, STEM imaging and spectroscopy were uti-
lized for two characteristic SHG-active samples: one with a low Sn
content (x=0.09) and the other with a high Sn content (x=0.48).
No evidence of nonstoichiometry-related defects or phases were
found for these two samples unlike films without any Sn content
(x=0) as discussed earlier. Misfit dislocations were found along the
film-substrate interfaces as a result of strain relaxation.

ARTICLE avs.scitation.org/journalljva

STEM energy dispersive x-ray spectroscopy (EDS) elemental
mapping reveals the spatial distribution of Sn and Ti throughout
the films as shown in Figs. 3(a) and 3(b) for x=0.09 and 0.48,
respectively. Sn enriched regions are observed for both samples but
with differences in spatial distribution. At x=0.09, a Sn enriched
band up to about 8 nm from the film-substrate interface occurs
with about 13% Sn. For the film with the higher Sn content
(x=0.48), a similar film thickness was found with the higher Sn
content around misfit dislocations near the film-substrate interface.
Sn diffusion to the film-substrate interface and defect locations
may be a mechanism for strain relaxation and also explains the
asymmetry seen in XRD peaks as the lattice parameters in these
locations differ from the bulk.

Furthermore, the role of change in the Sn to Ti ratio in deter-
mining the polar domain structure is revealed using STEM
imaging. The variation in polarization is obtained at the unit cell
level using integrated differential phase contrast (iDPC) STEM
imaging. The projected polarization (net displacement) for each
unit cell is measured as the difference between the cation (Ba2+, Ti*
*/Sn**) and anion (O*7) atom column centers of mass.”” The polar
domain structures are obtained from the compositionally homoge-
neous regions, above 8nm from the film-substrate interface as
revealed by STEM-EDS in Figs. 3(a) and 3(b). Thin film samples
with composition x =0.09 and 0.48 show significant differences in
polar structures [Figs. 3(e) and 3(i)]. For the sample with a low Sn
content, x=0.09, a long-range polarization can be seen with the
majority of the projected polarization oriented out-of-plane, i.e.,
[001]. Both 90° and 180° domain walls are observed in these films
[Fig. 3(e)] as commonly found in BTO.” PNRs are also found
within the long-range order as marked by enclosed dotted regions
in Fig. 3(e). This region consists of a significantly higher polariza-
tion along the [0 1 0] direction, indicated by light blue, compared
to the surrounding area, which has polarization values close to
zero, indicated by the darker hues. The existence of such PNRs has
been linked to the relaxor ferroelectric behavior, such as in the lead
magnesium niobate-lead titanate (PMN-PT) system where a signifi-
cantly enhanced dielectric and piezoelectric response occurs at the
morphotropic phase boundary.” In the case of the higher Sn con-
centration, at x = 0.48, a nanoscale domain structure is stabilized as
a result of a breakdown of the long-range polarization as shown in
Fig. 3(i). The nanoscale polar domain structure resembles the
domain pattern of PMN relaxors.” However, while no nonstoi-
chiometric inclusions such as BaO are observed, the x=0.48
sample does have other sources of defects such as misfit defects,
which can play a role in creating these PNRs. Existence of these
nanoscale domains also explains the increase in the width and
asymmetry of the (002) film peak and the rocking curve in
HRXRD.

The distribution of the projected polar displacements shows
directional dependence (out-of-plane along [001] and in-plane
along [010]) within a compositionally homogeneous region
[Figs. 3(f) and 3(j)]. In the case of a film with a lower Sn content,
x=0.09, the mean projected polar displacements along the
out-of-plane and in-plane directions are found to be 14 pm and
1 pm, respectively. For the higher Sn content film, x=0.48, the
mean out-of-plane displacement decreases to 2 pm, while in-plane
shows an increase to 8 pm. The polar plot of displacement vectors
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FIG. 3. High-Angle Annular Dark-Field - Scanning Transmission Electron Microscopy (HAADF-STEM) and corresponding EDS maps of Ba, Ti, and Sn for (a) x=0.09 and
(b) x=10.48. (c) Schematics showing net displacement (8) in a unit cell, calculated as the shift in atom column center-of-mass between cations and anions. HAADF-STEM
images of the film-substrate interface for (d) x=0.09 and (h) x =0.48. Arrows mark misfit dislocations formed at the film-substrate interface. (e) and (i) are projected dis-
placement (polarization) maps extracted from the highlighted regions away from the film-substrate interface in (d) and (h) for x=0.09 and x =0.48, respectively. The
dashed ovals and straight dashed lines indicate PNRs and domain walls, respectively. Histograms of the out-of-plane and in-plane components of the projected displace-
ment are given in (f) for x=0.09 and (j) for x =0.48, respectively. Polar plot of displacement vectors for a thin film sample with composition (g) x =0.09 and (k) x = 0.48.

as shown in Figs. 3(g) and 3(k) reveals clear preference of the polar
vector toward the out-of-plane direction for x =0.09, in contrast to
the in-plane direction with a higher Sn content, x =0.48. This is
consistent with polarization measurements from SHG, which show
a higher polarization value at x = 0.09 along the out-of-plane direc-
tion compared to the sample with x = 0.48.

11l. CONCLUSIONS

In conclusion, BTSO films were grown in the alloy system from
BaTiO; to BaSnO; using hybrid MBE. Film lattice parameters were
found to agree well with Vegard’s law and the composition of Sn to
Ti could be reliably predicted based solely on the Sn to Ti metal-
organic precursor flux ratio. SHG was used to determine overall

crystal symmetry and relative polarization. Starting with BSO, a cen-
trosymmetric cubic structure, a transition to a tetragonal structure
occurred as Sn was decreased. This trend was also accompanied by
an increase in polarization, as estimated by the SHG collected inten-
sity, with a maximum at x=0.09. Finally, from the STEM results,
long-range polarization was confirmed in the x=0.09 sample with
an out-of-plane cation to anion displacement six times higher than
that of x =0.48, the sample which showed the most structural disor-
der. Inhomogeneities such as clustered octahedral tilt order were
found to create polarization barriers and, therefore, led to nanoscale
domains in samples with larger Sn compositions. Taken together,
these results show BaTiO3;-BaSnO; as a potential system for future
lead-free ferroelectrics.
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