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ABSTRACT

Polycrystalline BaTi; ,Sn,O; samples (x = 0.06, 0.07, 0.08, 0.09, 0.10, and 0.11) were synthesized by the solid state technique. The samples
exhibit the tetragonal phase at 300 K. In addition, the samples x=0.06, 0.07, 0.08, and 0.09 also show the orthorhombic phase with
enhanced phase fractions upon poling. However, the % orthorhombic phase fractions show an increase up to x =0.07 and a decrease with an
increase in x. The dielectric studies indicate that T¢ (cubic to tetragonal phase transition) shifts toward lower temperature where the samples
x=0.10 and 0.11 show the tetragonal phase at 300 K. The samples exhibit the maximum remnant polarization and piezoelectric coefficient
for x = 0.08. But the bandgap for the x =0.07 sample shows the value of 2.61 eV before poling and 2.95 eV after poling. A giant photovoltaic
(PV) response is seen in the samples with the open-circuit voltage (Voc) as large as 16 V (for x =0.07). Vo shows a decreasing trend with
an increase in the Sn content after x = 0.07, and it did not follow the trend in polarization and the bandgap. The observed results are corre-
lated with the structural symmetry of the compound, and they are validated by the band-structure calculations. The experimental and theo-
retical studies indicate that the sample with the orthorhombic phase is preferable for the enhanced photovoltaic response in comparison to
the tetragonal phase. These studies show a new way to achieve a large photovoltaic response so as to design the system for several device
applications such as UV detectors and microactuators.
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BiFeO; thin film, where the illuminated domain walls act as nanoscale
photovoltage generators connected in series.'” However, it is generally

During the last few decades, the development of semiconductor
photovoltaic (PV) cells has cause them to emerge as a significant clean

energy resource. However, Vo being lower than the bandgap of the
semiconductors becomes a hindrance for their further advancement.
In recent times, various new materials have been studied for enhanced
PV properties." > Among them, ferroelectric systems have gained huge
interest due to their observed above bandgap photovoltage in bulk.”
Note that the PV effect in ferroelectrics is known since the 1970s when
a large PV response was reported on single crystals of Fe doped
LiNbOs."" Off late, several factors such as electric polarization, crystal
symmetry, electrode spacing, and ferroelectric/electrode interface are
reported to affect the PV response in ferroelectric bulk and thin film
geometries."" '” Accordingly, various theories have been formulated in
order to explain the unconventional PV response in ferroelectrics.'®
Earlier, the mechanism of electron-hole pair separation in a fer-
roelectric material is perceived to arise from the internal electric field
originated from the polarization. Recently, the domain wall theory has
been proposed to explain the large PV response observed in the

accepted that the Schottky junctions and depolarization fields influ-
ence Vo in ferroelectric films.'® Neverthless, the major contributions
to the PV effect in bulk ferroelectric samples are explained by the bal-
listic and shift current models.”'® " According to the ballistic mecha-
nism, the generation of photocurrent in non-centrosymmetric
ferroelectric crystals is correlated with the asymmetric momentum dis-
tributions of photo-generated charge carriers in the conduction
band.'” On the other hand, the shift current mechanism is associated
with the inter-band transition of photo-generated charge carriers with
a virtual shift of the momentum vector in real space in non-
centrosymmetric systems and hence results in a large PV effect.'® *' In
this context, the recent report on KNbO; and (K,Ba)(Ni,Nb)Os_; sys-
tems elucidated a strong correlation between the electronic structure
and the PV response.”” Importantly, their calculations showed the
structural preference for shift current, where the ferroelectric system
having rhombohedral and orthorhombic (O) symmetry revealed a
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large shift current coefficient than the system having tetragonal (T)
symmetry. Interestingly, the reported large PV response in Pb, ,La,
(Zr,Ti;_,)1_4O3 having the coexistence of multiple phases strongly
suggests the structural preference for the effective PV response.”

In this regard, the recently studied lead free ferroelectric
BaTi;_,Sn,O; (BST) system showing superior ferroelectric and piezo-
electric characteristics attracts large research interest.” Importantly,
BST is reported to exhibit various structural transitions whose transi-
tion temperatures can be tuned by Sn doping,”* These characteristics
enable the BST sample to be one of the potential candidates to show a
large PV effect and to understand its structural correlations. However,
the PV studies are unexplored in this highly significant compound. In
the present work, PV characteristics are investigated on selected com-
positions (x=0.06, 0.07, 0.08, 0.09, 0.10, and 0.11) of polycrystalline
BST samples. These compositions are selected based on their reported
high piezoelectric coefficient (ds3) values.” Notably, the samples
revealed a giant composition dependent PV response with the maxi-
mum Vo value of 16 V for the x = 0.07 sample. The observed results
are correlated with the structural symmetry of the compound, and
they are validated by the band-structure calculations.

BST samples with compositions of x = 0.06, 0.07, 0.08, 0.09, 0.10,
and 0.11 were fabricated by the solid state method. Stoichiometric
amounts of the precursors BaCO3, TiO,, and SnO, were ground in an
agate mortar and calcined at 1200 °C for 4 h. The uniaxially pressed
pellets made from the calcined powders were sintered at 1400 °C for
4 h. The compositions x=0.06, 0.07, 0.08, 0.09, 0.10, and 0.11 are
selected on account of their high ds; values, where the composition
x=10.08 shows the highest (296 pC/N) value.”” The samples x = 0.06,
0.07, 0.08, 0.09, 0.10, and 0.11 are referred to as BST6, BST7, BSTS,
BSTY, BST10, and BST11, respectively. Note that these compositions
are nominal compositions estimated from the weighted fractions of
the precursors added during the synthesis. The X-ray diffraction
(XRD) using a Rigaku SmartLab X-ray diffractometer is performed for
phase verification. The structural parameters are extracted by Rietveld
refinement using FULLPROF software. The 8 mm diameter pellets
coated with Ag electrodes are used for electrical measurements. A
Radiant Technology polarization loop tracer is used for the polariza-
tion measurements. The bandgaps of the samples are inferred from
the reflectance spectrum obtained using a UV-Visible-Near Infrared
Spectrophotometer. For PV measurements, Ag electrodes in a finger
geometry (finger thickness 100 um and gap 200 um) are thermally
coated on the polished surface of pellets (8 mm diameter and 1 mm
thickness). The bottom surface coated with Ag paint is used as the bot-
tom electrode. Prior to PV measurements, the samples are poled at a
2.5kV/mm electric field for 1 h and then shorted overnight to remove
parasitic surface charges. PV measurements are carried out using a
Xenon-arc lamp (Newport, Model No-67005) as a light source and a
Keithley electrometer (6517B) as a measuring unit.

The pseudopotential (PP) based Vienna ab-initio Simulation
Package (VASP) is used to perform the density functional theory
(DFT) calculations.” PPs are based on the projected augmented wave
(PAW) method”” with exchange and correlation effects described
using the Generalized Gradient Approximation (GGA) and Perdew-
Burke-Ernzerhof (PBE) functional.”**’ For calculations, the valence
electrons considered for various elements are Ba-4s> 4p° 55, Sn-
4d"95s5p%, Ti-3p° 3d* 4s%, and O-25* 2p*. The plane wave cut-off
energy is chosen as 500 eV. Calculations are performed on T and O
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phases of BaTiOs. To simulate experimental doping concentrations,
we adopted the supercell approach with periodic boundary conditions
and performed our calculations using 2 x 2 x 3 and 3 X 2 x 1 super-
cells corresponding to ferroelectric T (P4 mm) and O (Amm2) phases,
respectively. In each of these supercells, a single Ti ion is replaced by a
single Sn ion. For structural optimization, we chose a convergence
criterion of 10~ %eV for self-consistent field (SCF) electronic energy
and 10eV/A for Hellmann-Feynman forces on each atom. An
(8 x 8 x 8) and (6 x 8 x 8) Monkhorst-Pack grids() is used for the
Brillouin Zone integration of bulk T and O BST, respectively.
Proportionate k-grids are used for the super cells.

The XRD patterns of BST6, BST7, BST8, BST9, BST10, and
BST11 samples under un-poled conditions are recorded at 300 K, and
they are fitted with Rietveld refinement using FullProf software. The
patterns along with the refinement data are plotted in Fig. 1. The XRD
patterns confirm that the samples are pure in phase without any impu-
rity peaks. Though the patterns are indexed to the T phase with
P4 mm as the space group, the refinement reveals the coexistence of O
phases in few compositions. Note that the % fraction of T phases is
88.5, 83.5, 94.7, and 97.9 and the % fraction of O phases is 11.5, 16.5,
5.3, and 2.1 for BST6, BST7, BST8, BST9, respectively. However, the
compounds with a higher Sn concentration, BST10 and BST11, exhibit
only the T phase. These changes in O and T phases with the composi-
tion can be seen from the presence of (200)0, (200)r, and (002)r peaks
of the respective O and T phases shown in Fig. 1(b). The piezoceram-
ics are known to undergo large structural transformation upon
poling.”" " In order to understand the poling induced structural
transformation in the present samples, the XRD patterns are recorded
on all samples which are subjected to poling. Note that the poled pel-
lets are ground into powder form 48 h after poling. The refinement
analysis performed on the XRD patterns of poled samples (shown in

BSTI1 (a)
BSTI0 %

BSTY oY, —Y,_ Y

Intensity (arb. units)

26 (degree)

FIG. 1. The refined XRD patterns of BST6, BST7, BST8, BST9, BST10, and
BST11 recorded at 300 K under un-poled conditions for the 26 range from (a) 20 to
77° and (b) 44.8 to 45.8°.
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Fig. S1, supplementary material) revealed a significant amount of
increase in the O % phase fraction in comparison to the unpoled sam-
ples of BST6, BST7, BST8, and BST9. The XRD patterns of un-poled
and poled samples in the 20 range of 44.8°-45.8° and 65.4°-66.4°,
corresponding to {200} and {220} planes, respectively, are shown in
Fig. S2, supplementary material. The observed % phase fraction of the
O phase is 26.5, 29.4, 23.4, 10.0, and 0.0 for BST6, BST7, BST8, BST9,
and BST10, respectively, for the poled samples. Overall, with an
increase in the Sn concentration, the system moves toward the T phase
at 300 K in both un-poled and poled states.

The polarization (P) vs. electric field (E) measurement carried
out on the samples revealed typical ferroelectric P-E hysteresis loops,
and, as an example, the same is plotted in Fig. 2(a) for the BST7 sam-
ple. The extracted remnant polarization (P;) is plotted as a function of
composition in the inset of Fig. 2(a). The inset reveals that the maxi-
mum P, (692 uC/cm?) is observed for the BST8 sample, and it
decreases with a further increase in the Sn concentration. To under-
stand the dielectric behavior, the dielectric measurements are carried
out at various frequencies. The temperature dependent real part of
dielectric permittivity (¢') at 100 kHz is plotted in Fig. 2(b) for all sam-
ples. In order to show the shift in the transitions clearly, the ¢’ data are
plotted on a relative scale. The samples exhibit a high dielectric
constant, for example, the BST8 sample shows ~8000 as the dielectric
constant maximum at 100kHz. The detailed discussions on the
dielectric characteristics of these samples are presented elsewhere.””
Interestingly, the samples show anomalies in the dielectric spectrum at
selected temperatures. These anomalies could be correlated with the
structural phase transitions associated with the sample. The anomalies
seen for the BST7 sample at 40 °C and 71 °C are associated with T to
O phase transition (Tr.o) and paraelectric to ferroelectric phase
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FIG. 2. (a) P vs. E curve for the BST7 sample. (b) Dielectric constant vs. tempera-
ture for BST6, BST7, BST8, BST9, BST10, and BST11 samples (the data are plot-
ted on a relative scale). (c) [F(R)(h)J? vs. hv for unpoled and poled BST7 samples
and (d) the bandgap plotted against the composition (x).
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transition (T¢), respectively.”* As the Sn doping increases, T¢. is shifted
toward lower temperature and merges with T for the compositions
BST10 and BST11. As a consequence, the BST10 and BST11 samples
show the T phase at 300 K without any O phase fraction, which is also
evidenced from the XRD measurements.

To obtain the optical bandgap of the samples, the reflectance
spectrum recorded on the samples, using UV-Visible diffused reflec-
tance spectroscopy, is converted into the Kubelka-Munk function
F(R) using the equation: F(R) = (12_;;) , R =1074. Here, R denotes
the reflection coefficient of the material and A is the absorbance.” The
Kubelka-Munk plot, which is a plot of [F(R)hv]” vs. the photon energy,
is shown in Fig. 2(c) for BST7 (see Fig. S3, supplementary material for
all other samples). The tangent of the plot, as shown in Fig. 2(c), mak-
ing an intercept with the horizontal x-axis directly yields the bandgap
of the respective sample. Since samples exhibit poling induced struc-
tural transformation, it is possible that they may show a change in
their bandgap after poling. The Kubelka-Munk plots of the poled sam-
ples are shown in Fig. 2(c) and Fig. S4 of the supplementary material
for BST7 and other samples, respectively. The obtained compositional
variations of the bandgap before and after poling are plotted in Fig.
2(d). Note that the bandgap values show changes from 2.56, 2.61, 2.66,
2.78, 2.76, and 2.68 ¢V in the unpoled state to 2.86, 2.95, 2.96, 2.92,
2.97, and 2.95¢eV after poling for BST6, BST7, BST8, BST9, BST10,
and BST11 samples, respectively. It is to be noted that the bandgap
variation with the composition does not follow a specific trend.
However, the observed bandgap values advocate the suitability of the
compounds for displaying PV characteristics under UV irradiation.

In order to probe the PV response of the BST samples, the cur-
rent (I) vs. bias voltage (V) characteristics are measured under the
dark and light illumination of 160 mW/, cm?, and the results are plotted
in Fig. 3(a) for BST6, BST7, and BST8 and in Fig. 3(b) for BST9,
BST10, and BST11 samples, respectively. Interestingly, all samples
under study show typical ferroelectric PV characteristics with Vo and
short circuit current (Isc). It is observed that Voc progressively
decreases with an increase in the doping concentration of BST7, ie.,
16V, 11.3V, 6.1V, 45V, and 4.5V for BST7, BST8, BST9, BST10,
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FIG. 3. |-V characteristics of (a) BST6, BST7, and BST8 and (b) BST9, BST10,
and BST11 samples recorded under dark and light illumination. (c) Voc vs. time
and (d) photocurrent vs. time for the BST7 sample.
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FIG. 4. Ti-d partial densities of states (PDOS) in the vicinity of CBM for the T and O phases of BST7. The band dispersion of T (middle panel) and O (right panel) phases of

BST7 around band extrema and along the z-direction.

and BST11, respectively. Remarkably, the composition BST7 exhibits
the maximum V¢ of 16 V. (Note that the PV study on the BST6 sam-
ple reveals the Vo of 12.5V, which is lower than that of the BST7
sample.) The stability of the photovoltage of BST7 is verified by mea-
suring the photovoltage as a function of time under the zero-bias con-
dition, and the respective plot is shown in Fig. 3(c). Similarly, the
sharp current response to the light illumination is revealed in the plot
shown in Fig. 3(d), where the measured current is plotted as a function
of time under light ON and OFF states under the zero-bias condition.
The value reported in this study is comparable to the recently reported
giant PV effect in bulk Ba;_(BiysLig5),TiOs." Note that the composi-
tional variation of V¢ in BST samples does not follow the variation in
P, where the maximum polarization is observed for the BST8 sample.
Similarly, the change in V¢ as a function of Sn doping does not fol-
low the variation in the bandgap either. Note that the bandgap shows
nominal variation with Sn doping as seen from Fig. 2(d). This gives an
indication that the polarization and the bandgap do not play a domi-
nant role in the observed PV characteristics of the samples.

On the other hand, the observed compositional dependent PV
response can be understood based on the structural symmetry of the
compositions. Interestingly, Wang et al.”” demonstrated the structural
dependence of the bulk PV effect with respect to the shift current the-
ory. Their calculations on different crystallographic phases of KNbO;
suggest the dominance of rhombohedral and O phases in the PV
response as compared to the T phase. In the present case, the samples
BST6, BST7, BST8, and BST9 show the coexistence of T and O phases
with 11.5, 16.5, 5.3, and 2.1 as % O phase fractions, respectively. Note
that the phase fractions are estimated on samples in un-poled condi-
tions. However, the PV measurements are carried out on samples
poled at 2.5kV/mm. Poling induced phase transitions are known in
perovskite piezoceramics.”' *” In particular, the BaTiO; based systems
are reported to show the enhanced O phase at the expense of the T

31-33

phase upon poling. Hence, the BST samples subjected to PV mea-
surements are expected to have higher O phase fractions than the esti-
mated values. Keeping these factors in view, the observed large Voc
for BST7 and its variation with the Sn concentration could have strong
structural correlation with the existing O phase. The decreasing trend
in Ve with an increase in the Sn concentration after BST7 could be
the consequence of the decrease in O phase fractions along with an
increase in the T phase. Note that Voc remains constant (4.5 V) for
x=0.10 and 0.11, where only the T phase is seen.

In order to investigate the effect of symmetry breaking on the
electronic structure and its consequent outcome on the PV response,
the DFT calculations are carried out on the T and O phases of the
BST7 compound. Figure 4 (left panel) shows the projected density of
states (PDOS), which depicts the orbital composition around the
region of the conduction band minimum (CBM) for T and O phases.
It is seen from the figure that the antibonding Ti-d,, states occupy the
CBM, while the higher energy states are occupied by d,./,. orbitals.
Hence, there is a splitting of d, and d..,, orbitals. It is apparent that
the O phase has mixing of the d, and d.. ,. orbitals, whereas in the T
phase, the d,y, and d,/,.. states are well separated.

A larger hybridization among the d,, and d,;/,, orbitals is
observed in the O phase caused by a change in the crystal field,
which leads to a mixing of these orbital characters in the CBM. In
accordance with the shift current theory, if the CBM is more occu-
pied by z-axis oriented orbitals (e.g., d., d);, andd,._;) and is
extremely delocalized because of the stronger covalent interaction
along the polarization direction (along the z-axis), this would yield a
high shift current response, and as result, a substantial bulk PV is
observed."'®'”** This suggests that the O phase shows an enhanced
PV response, in comparison to the T phase. The results obtained
from these DFT studies are in good agreement with our experimen-
tal observations.
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Another significant factor that influences the PV response of the
system is the mobility of the photo-generated charge carriers. The
higher the mobility, the more the suppression of recombination of
charge carriers, which in turn enhances the PV response. Since the
effective mass varies inversely to the carrier mobility, materials with
lower effective mass and hence higher mobility are suitable for the
enhanced PV response.”® Due to direction dependent dispersion in k-
space, the effective masses are highly anisotropic. The effective mass
along the z-direction (along the direction of current flow) is important
for the superior PV response in ferroelectric systems like BTO. Figure
4 depicts the band dispersion of T (middle panel) and O (right panel)
phases centering on the CBM and valence band maximum (VBM)
along the z-direction in the reciprocal space. In the case of the T phase,
the weakly dispersed band for both CBM and VBM of this phase will
result in greater electron and hole effective masses, respectively, which
will decrease the mobility of the photo-excited charge carriers along
the z-direction. However, in the case of the O phase, the highly dis-
persed bands of CBM and VBM lead to lower electron and hole effec-
tive masses, thus considerably increasing the charge carrier mobility
along the z-direction. This proves that the O phase exhibits an
enhanced PV response compared to the T phase.

In conclusion, the BaTi;_,Sn,O; (x = 0.06, 0.07, 0.08, 0.09, 0.10,
and 0.11) samples synthesized by the solid state method displayed a
giant PV response, and the observed Vo is found to decrease with an
increase in the Sn concentration. The ferroelectric characterization
revealed that the x =0.08 sample showed the maximum P, and hence
is expected to demonstrate a large PV response. However, the x = 0.07
sample displayed the maximum Voc (16 V) among other samples.
This study illustrates that the change in Vo with the composition did
not follow the polarization and the bandgap variations but rather has
strong correlation with structure symmetry. The XRD refinement elu-
cidates that all samples exhibit the major T phase at 300 K. However,
the coexisting O phase was seen in few compositions (x = 0.06, 0.07,
0.08, and 0.09). The variation in the % phase fraction of the O phase
with the composition is in accordance with the variation in V. The
experimental findings are verified by the DFT calculations which
prove that the O phase shows an enhanced PV response in compari-
son to the T phase. Overall, these studies correlate the observed PV
response with the structural symmetry of the compound which is sub-
stantiated by the band-structure calculations.

See supplementary material for the refined XRD patterns of poled
samples of all composition in the 20 ranges of 20-70°, 44.8-45.8°, and
65.4-66.4°. The Kubelka—-Munk plots of samples BST6, BST8, BST9,
BST10, and BST11 showing the values of bandgaps.

We acknowledge Dr. Sudakar Chandran and Mr. Subhajit
Nandy for allowing us to use the diffused reflectance spectroscopy
equipment.
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