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ABSTRACT

We report on properties of BaTiO3 thin films where the bandgap is tuned via aliovalent doping of Mn and Nb ions co-doped at the Ti site. The
doped films show single-phase tetragonal structure, growing epitaxially with a smooth interface to the substrate. Using piezoforce microscopy,
we find that both doped and undoped films exhibit good ferroelectric response. The piezoelectric domain switching in the films was confirmed
by measuring local hysteresis of the polarization at several different areas across the thin films, demonstrating a switchable ferroelectric state.
The doping of the BaTiOs3 also reduces the bandgap of the material from 3.2 eV for BaTiO; to nearly 2.7 eV for the 7.5% doped sample,
suggesting the viability of the films for effective light harvesting in the visible spectrum. The results demonstrate co-doping as an effective
strategy for bandgap engineering and a guide for the realization of visible-light applications using its ferroelectric properties.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5118869

I. INTRODUCTION bandgap, and ferroelectricity to innovate new materials for energy

harvesting.””'

BaTiO3; (BTO) is one of the most well studied ferroelectric
materials with a wide range of properties that has proven its sig-
nificance for both fundamental understanding and its use in ferro-
electric tunnel junctions,’ diodes,” and a host of different applica-
tions.”* Its sizable room-temperature polarization has been a core
feature in designing new devices in addition to find novel phenom-
ena in oxide heterostructures.” '’ Recent advances in oxide epitaxy
have enabled the synthesis of new ferroelectric materials as well as
a precise control of atomically sharp oxide interfaces. Strikingly, the
coherent strain imposed by epitaxy results in enhanced ferroelec-
tricity at higher transition temperatures, a higher remnant polariza-
tion of 70 uC/cm?, an increase of nearly 250% compared to bulk
BaTiO; single crystals'' (26 pC/cm®). Such aspects in ferroelec-
tric thin films have stimulated further interest in the realization of
unconventional phases and highlighted the necessity of fabricating
thin films in device applications. Much of its functional properties
can be manipulated via controlled doping to tune crystal structure,

An often explored route to finding new functionality in BTO
has been through doping with different cation substitutions at
the A- or B-site in the ABO; perovskite crystal structure.”'® Co-
substitution in the perovskite lattice (A-site and B-site) has been
attempted by various researchers to obtain a variety of functional
properties.'”'? Recent results have shown ferromagnetic behavior
appearing with Fe and Mn doping,'”*’ coupling ferroelectricity
with ferromagnetic order to achieve the much sought after mag-
netoelectric effect.”’ ** Ferroelectric BTO is also known to pro-
duce a bulk-photovoltaic effect where photovoltages larger than
its bandgap have been reported,” ”” which has triggered a resur-
gence of research into ferroelectric photovoltaics.” "’ The under-
lying concept of this photovoltaic approach is to exploit the rem-
nant polarization of the ferroelectric to promote the separation of
photo-generated electron-hole pairs and extend light absorption
into the visible range.3 %3 However, the distortion introduced by
transition metal dopants with partially filled d-orbitals competes
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directly with ferroelectricity in BaTiOs;™*"
non-trivial.

In this direction, we recently demonstrated the effects of aliova-
lent doping by Mn®* and Nb°* at the Ti-site on the bandgap and fer-
roelectric properties of BaTi;.x(Mn;2Nby/2)xO3 (abbreviated here-
after as BTMNO) polycrystalline ceramics.”” The impurity levels
decreases the overall bandgap from about 3.2 eV for the pure BTO to
1.7 eV for the x = 0.075 doped polycrystalline samples in bulk form.
This reduction was due to generation of Mn d states at the edge of
the valence band.”” The saturation polarization was found to remain
at 70% of its bulk BTO counterpart value. Room-temperature fer-
roelectricity is lost for doping levels beyond x > 0.075, where
the compound adopt a high symmetry cubic structure at room
temperature. In this letter, we extend our previous investigations
of bulk-doped BTO to the realization of new types of thin films
based on Mn and Nb co-doped BTO grown by pulsed laser depo-
sition (PLD) and investigate their epitaxial growth and crystallinity,
microstructure, ferroelectricity, and changes to the bandgap. We
explore Mn/Nb doping levels for x = 0.025, which in our previous
study of bulk materials, was found to exhibit the highest satura-
tion polarization at 22.3 uC/cm?, and x = 0.075 (lowest band gap)
in addition to the parent BaTiO; thin films. The ferroelectric hys-
teresis and domain switching observed through piezoresponse force
microscopy (PFM) measurements indicates that the BTMNO thin
films maintain a good ferroelectric response. The bandgap also sys-
tematically shifts towards the visible light region with increasing
doping (Eg of 2.7 eV for x = 0.075), further demonstrating the effec-
tiveness of co-doping at the B site with promising photovoltaic and
other optoelectronic applications.

- making this strategy

Il. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

Thin films of BTO and BaTi; x(Mn;2Nb;/2)xO3 (x = 0.025,
0.075) were grown on TiO,-terminated 0.5% Nb-doped SrTiO3(001)
substrates with a 0.1° miscut. The targets were ablated with KrF
excimer laser (A = 248 nm) at 1 J/cm? for the BTO samples and
1.3 J/em?® for the BTMNO respectively. The film was deposited at

scitation.org/journal/adv

650 °C and an oxygen pressure of 0.05 mBar. After deposition, the
films were post-annealed in-situ at 650 °C and 1000 mBar of O, for
1 h prior to cooling at a rate of 5 °C/min to room temperature.

The phase purity and structural analysis were performed
using a four-circle high-resolution X-ray diffractometer (PANalyt-
ical X’Pert-PRO) with Cu Ka radiation and thickness was estimated
using x-ray reflectivity (XRR). The surface morphology was exam-
ined by Atomic Force Microscopy (AFM, Bruker Multimode 8) and
cross-sectional scanning electron microscopy (SEM) images were
done using a Zeiss Merlin with an acceleration voltage of 10 kV.
Local ferroelectric polarization was studied using piezoresponse
force microscopy (PFM, Bruker Dimension ICON) using conduc-
tive Co/Fe coated 10 pm Si3Ny tips at 20 kHz. PFM poling measure-
ments were conducted using Pt/Ir coated tips. Piezoelectric hystere-
sis loops were measured at fixed locations on the film surface as a
function of dc switching bias. The amplitude (R) and phase (8) of
the piezoelectric signals were measured using a lock-in amplifier.
The band gap measurements were made with a Pelkin-Elmer UV-
Vis measured in reflectance mode and converted to the absorbance
spectra by the Kubelka-Munk method.” Hard x-ray photoelectron
spectroscopy (HAXPES) measurements were done to probe valence
electronic structure using 5.96 keV excitation energy at PETRA III
beamline P09.” The exciting X-rays were monochromatized by a
combination of a Si(111) double-crystal primary monochromator
and a Si(333) channel-cut post-monochromator to attain a high
energy resolution. Energy calibration was done with a clean Au foil
with Fermi level set to 0 eV.

Ill. RESULTS AND DISCUSSION

Fig. 1 shows the x-ray 20-w diffraction scans of the BTO and
BTMNO films grown on 0.5% Nb-doped SrTiOs (001) substrates.
The three clear diffraction peaks correspond to (00]) reflections.
No indication of any secondary phases is observed. As shown in
Fig. 1, (00]) XRD peaks observed from the underlying STO sub-
strates (sharper peaks marked by open squares) and the deposited
films (filled black circles) are well separated. The Mn/Nb-doped films
exhibit all three major (00I) reflections indicating that the parent

BaTiO;
x=0.025 it A
3 x=0.075 o
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FIG. 1. (a) XRD scans of the
SrTiO3/BaTiO; and two doped films. The
inset shows the reflection near the (001)
peak, which show interference fringes
as result of a smooth interface with the
substrate. (b) X-ray reflectivity showing
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Keissig fringes that indicate a smooth
interface. (c) Cross-sectional SEM
image of the BTO thin films on 0.5% Nb
doped SrTiO; substrate showing smooth
interface.
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BTO and BTMNO films are highly oriented on the STO substrates.
The position of (002) peaks systematically shifts towards lower 20
values with increasing Mn/Nb content, suggesting an enlargement of
the c lattice parameter as well as the two transition metals occupy the
B-site. The out-of-plane (c axis) lattice parameters calculated from
the (002) reflections are 4.036 A, 4.049 A, and 4.058 A for BTO,
BTMNO-25, and BTMNO-75 respectively, showing a relaxed thick
film that is comparable to c-axis of bulk BTO (4.036 A). The volume
expansion of the unit cell is likely a result of larger ionic radii of Mn™*
(78.5 pm) and Nb>*(78 pm) ions occupying Ti*" (74.5 pm)’ sites.
The inset of Fig. 1 shows expanded region around the (001) peak,
with reflections clearly displaying interference fringes suggesting a
relatively coherent and a smooth interface with the SrTiO3(001) sub-
strate. This has also been confirmed from cross-sectional SEM image
obtained for BTMNO thin films, a representative figure for the series
is shown in Fig. 1(c).

Fig. 2 shows the film morphology from AFM images for the
three samples. Since the samples are grown on an STO substrate with
a 0.1° miscut, the step-terrace structure of the deposited film post-
annealing is clearly observed in the AFM image shown in Fig. 2(a).
This indicates atomically flat terraces with single unit-cell steps (~ 4
A). For thicker films, 3D clusters nucleate on these layers due to the
stress induced by the lattice mismatch (Fig. 2(b)). "

We characterize the light-absorption properties of the BTO
and doped BTO films using a UV-Vis spectrometer in the total
reflectance mode (F(R)) as shown in Fig. 3. The figure clearly shows
redshift in the absorption for the doped materials in comparison

scitation.org/journal/adv

FIG. 2. AFM images of (a) 75 nm doped BTMNO-75 film
with well-defined terraces indicating layer-by-layer growth.
(b) 125 nm BaTiO; thin films with 3D nucleated clus-
ters show a uniform and dense microstructure with film
roughness of ~ 0.8 nm.

with the parent compound. The bandgap of BaTiO3 has previously
been reported to be nearly 3.2 eV, just outside of the visible spec-
trum.”® Here, the optical band gaps could be estimated from the
tangent lines in the (akv)? versus hv plots for the three samples.
The BTMNO-75 shows a bandgap of approximately 2.7 eV, enabling
the absorption of sunlight in the visible range, and lower than that
for BTO (3.2 eV) thin film, thereby enabling greater absorption
of sunlight in the visible range. This is in line with our report on
polycrystalline samples, where the bandgap reduction was shown to
result from Mn d states hybridization with O 2p states at the edge
of the valence and conduction bands.” The valence electronic struc-
ture changes to the films are measured by HAXPES and shown in
Fig. 3(b). The spectra reveal a growing intensity in valence states
from 8 eV extending to about 2 eV in binding energy (BE). The onset
of the valence band maximum (VBM), defined from the Fermi level
(Er) at 0 eV, also sees a clear shift towards lower BE as a function of
doping. The shift in the VBM energy position of BTO to BTMNO-
75 sample is approximately 0.5 eV, similar to that seen in bandgap
changes from UV-Vis reflectance data in Fig. 3(a). We interpret this
shift in the valence band edge due admixed dopant d states that
hybridize with O 2p that push the VBM towards conduction band
and reduces the bandgap.

PFM is a reliable technique to trace ferroelectric hysteresis
characteristics at the nanoscale and to uncover direct evidence of
ferroelectricity. This technique has developed into a tool capable
of directly probing ferroelectricity.'’™"” Fig. 4(a,b.c) shows the local
hysteretic behavior typical of polarization switching for all three

1 BaTiO;
£ BTMNO-2.5

FIG. 3. (a) UV-Vis measurements in
1 BTMNO-7.5

reflectance mode for BTO, BTMNO-25,
and BTMNO-75 thin films with a bandgap
tuning from 3.2 eV to 2.7 eV respec-
tively. (b) Bulk valence electronic struc-
Er ture measured by HAXPES showing
increased intensity of states and energy
shift in the valence band edge towards
the Fermi level (Ef).
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FIG. 4. PFM local amplitude (top panel) and hysteresis phase loops (bottom panel) for 75 nm films of (a) BaTiOs, (b) BTMNO-25, and (c) BTMNO-75.

samples. The top panel shows the amplitude switching and bot- change across the saturation voltages, signifying a ferroelectric that
tom show the phase switching as a function of applied bias. The is fully switched. The hysteresis for BTMNO-075 shows a slight anti-
PEM phase-voltage curve shows a fully saturated hysteresis for the symmetric phase with respect to negative DC bias, which can likely
BTO and doped BTMNO samples. All curves show an 180° phase be attributed to polarization pinning in the upward direction.” "

55mV

-5.2mV

Amplitude 800.0 nm 800.0 nm

-69.7 °

¥ -143.6 °

Phase 800.0 nm Phase 800.0 nm Phase 800.0 nm

FIG. 5. PFM out-of-plane amplitude (top panel) and phase image (bottom panel) of square domains with opposite polarization directions written using an AFM tip with a bias
Vip of + 8V for (a,b) BaTiOs, (c,d) BTMNO-025, and (e,f) BTMNO-075.
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Note that the hysteresis loop is offset towards a negative voltage indi-
cating a built-in electric field that is also found in similar studies."’
The amplitude curves (Fig. 4, top panel) show a nearly symmetri-
cal butterfly shape for the BaTiO3 sample, which indicates a robust
and switchable ferroelectricity. The curve is slightly anti-symmetric
for the BTMNO-25 and BTMNO-75 thin film samples, likely due
to strong poling for the doped thin films. Both hysteresis and
butterfly loops however are characteristic of classical ferroelectric
switching.

To demonstrate the effect of poling on ferroelectric switching
of the thin film, we reverse the upward polarization after writing
alternative square patterns with +8 V and -8V biases on the PFM
tip. Fig. 5 shows the resulting polarization patterns as measured by
PFM through the 2 x 2 um?* biased area for all films. The contrast in
out-of-plane (c-axis) PFM images is correlated with the orientation
of the ferroelectric polarization, with dark (bright) region indicat-
ing upward (downward) ferroelectric polarization. The antiparallel
domain line shows a clear contrast with the polarization in the oppo-
site direction, showing a strong response to reversibility. Overall, the
PFM images and the presence of hysteresis loops from ferroelec-
tric switching strongly indicate that these films are high quality and
displays good ferroelectric properties.

IV. CONCLUSION

Thin films of x = 0.025 and 0.075 Mn,;2Nbi/, doped BaTiO;
were successfully fabricated through PLD on SrTiO3(001) sub-
strates. Structural analyses showed the tetragonal films had grown
epitaxially with smooth interfaces on SrTiO3 substrates. UV-Vis
measurements confirm that the bandgap is reduced with increas-
ing doping content, as also evident from the valence band edge
shifting towards the Fermi level observed by HAXPES. Similarly,
all samples were found to exhibit ferroelectricity as confirmed from
the 180° phase reversal as a function of applied bias in the piezo-
force microscopy data. The local polarization of the films was also
switchable across the surface, characteristic of writing on the surface
after poling experiments. The combination of lower bandgap and
preserved ferroelectric polarization makes these films very interest-
ing for future exploration of light-harvesting applications innovative
heterostructures.
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