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ABSTRACT

The intrinsic flexoelectric effect observed in oxide materials often falls below the desired threshold for practical applications. In this work, we
demonstrate proton doping in insulating rutile TiO, crystal as an effective approach to significantly increase flexoelectricity by more than
two orders of magnitude. We attribute the noteworthy enhancement of flexoelectricity to the dual impact of proton doping in oxide
materials. First, proton doping serves to induce the presence of charge carriers, resulting in the generation of flexoelectric currents. Second,
proton doping induces expansion and distortion of the lattice structure, leading to an amplified flexoelectric field when the crystal
experiences a strain gradient. The formation of O-H bonding in TiO, crystal provides another route to break centrosymmetry according to
lattice distortion of the TiO, lattice, resulting in a larger flexoelectric field. In addition, the introduction of proton doping in TiO, single
crystals leads to a substantial increase in photocurrent by effectively flattening the interfacial Schottky junction. This phenomenon results in a
three-order of magnitude enhancement of the photocurrent. Our work broadens the horizon of study on dielectric materials through proton
doping and may also provide an approach that enables the utilization of dielectric materials in energy conversion applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0180626
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Flexoelectricity describes electric polarization of materials in
response to strain gradient, and this effect has the potential for a wide
range of applications in many aspects.' ° To enhance the generally
small flexoelectricity toward application, many recent studies have
largely expanded the flexoelectric effects from a simple polarization
concept to a modulation strategy in a wide range of functional materi-
als.””'" Enhanced flexoelectricity has been demonstrated in oxide
perovskite materials such as (Ba,Sr)TiO; ceramics through approaches
like doping-induced charge carriers and space inversion symmetry
breaking induced electric polarization.'” " Yang et al. also raised the
idea of the flexo-photovoltaic (PV) effect, where the strain gradient-
induced polarization in centrosymmetric materials could induce the
PV effect analogous to the ferroelectric PV effect.” Later on, Shu ef al.
discovered that ultraviolet light (UV) can enhance the flexoelectricity

by two orders of magnitude for hybrid perovskites, and they further
proved that such photo-flexoelectricity can be a general property of
semiconductors.'” Motivated by the fact that oxygen vacancy density
in materials can influence their flexoelectric property, a three-order-of-
magnitude larger flexoelectric coefficient has been reported in LaAlO5/
SrTiO; interfaces."™'®"” Our previous work also demonstrated one
order of magnitude enhancement and strong photo-flexoelectric effect
by vacuum annealing induced Ti ion degradation and charge carriers
in SrTiOj; single crystals.'® In addition to these flexoelectric effects of
perovskite oxides,'””" recent studies have also discovered some inter-
esting mechanical properties arising from the interaction between the
piezoelectric effect and the flexoelectric effect.”’ ** These properties
imply that the mechanical response can be modulated by strain gradi-
ent,””° and the large strain gradient at small scales can also be directly
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observed by scanning transmission electron microscopy.”””* In addition
to conventional force-electric coupling effects through strain gradients
designed to model energy harvesters,””** memory,35 sensors,”® and
actuators,”* flexoelectric effect can also be related to many other
important physical behaviors.”” For example, it has been found that, as a
result of flexoelectricity, transverse shear surface acoustic waves are able
to propagate close to the smooth outer layer belonging to each crystal-
line dielectric."” More applications of flexoelectric effect include domain
tailoring and polarization switching, in which mechanical deformation
gradients may modify the spontaneous polarization state of nanoscale
materials;*""* these powerful features are attracting increased attention.

Recently, the reactions between hydrogen and metal oxide mate-
rials have drawn significant attention.”” ** Incorporating hydrogen (or
proton doping) is a common technique used to increase charge
concentration in oxide materials. This leads to a decrease in resis-
tance,’® " but it also results in increased dielectric loss.”’ For instance,
hydrogen-charged anatase TiO, crystals in nanoscale have tremen-
dously enhanced photocatalytic performances, as reported by Chen
et al.” Furthermore, hydrogen-charged TiO, nanocrystal arrays exhib-
ited excellent photoelectrochemical performance through water elec-
trolysis.”' However, the proposed mechanisms for the aforementioned
behaviors diverge in different research. The reduction of the bandgap
of TiO, is mainly attributed to the interstitial proton,”””” rather than
surface disorders."**”

The coupling between flexoelectricity and doping, as one of the
most promising phenomena from a practical point of view, has trig-
gered numerous investigations and discussions in the flexoelectricity-
related research community.******® The use of oxygen vacancies
induced by high-temperature annealing can enhance the flexoelectric-
ity of SrTiO3,'*”” and we expect that proton doping can make the flex-
oelectricity of metal oxides more robust. Beyond that, the dynamics of
proton driven by flexoelectric field may also enhance the effective flex-
oelectricity. Hence, studying the flexoelectricity in oxide single crystals
with respect to charge concentration could be a promising approach.
The formation of O-H bonding also provides another degree of free-
dom to break centrosymmetry, giving rise to flexoelectricity; therefore,
a large flexoelectric response could be achieved in the TiO, crystal. In
this work, the flexoelectricity of pristine and proton doped TiO, single
crystals and their response to a bias voltage are compared, and cou-
pling between the flexoelectric field and photocurrent as well as charge
carriers is studied.

ARTICLE pubs.aip.org/aip/apl

The TiO, single crystals used in this work were sourced from
MTT Corporation. These crystals were two-sided polished and had a
thickness of 0.5 mm. The bare crystal was then cut into beam shapes
with a size of 7 x 10mm® To make the hydrogen-charged samples,
polished rutile (001) single crystals were coated with an annealed silver
electrode at a corner of the sample as cathode and then immersed in a
0.0IM NaOH water solution for 168h with 4.5V voltage applied
between the sample cathode and Pt anode electrode. Semi-transparent
gold electrodes of 5nm thick were sputter deposited on the two surfa-
ces of the TiO, plates forming a capacitor structure (electrode/TiO,/
electrode). To measure the flexoelectricity, the free end of a clamped
cantilever-shaped crystal was subjected to an oscillatory bending force
delivered by a piezoelectric actuator. The induced alternating current,
resulting from the oscillatory bending, was measured using a lock-in
amplifier, which was connected to the electrodes through coaxial
cables. Using standard elastic deformation equations, the strain gradi-
ent was calculated for a point-loaded single-clamped beam. This calcu-
lation takes into account the deflection amplitude and the distance
from the clamped side and actuator contact point. The polarization
was extracted from the amplitude of the oscillating current and the fre-
quency of the actuator. The linear proportionality constant between
polarization and strain gradient is called the flexoelectric coefficient. A
PERKIN ELMER_UV-vis-NIR spectrometer was used to characterize
the absorption spectra of the pristine and proton-charged TiO, crystal
samples.

As shown in Figs. 1(a) and 1(b), the light absorption spectra of
the pristine and hydrogen-charged TiO, samples were measured to
determine the optimal wavelength range for photo-enhanced flexoelec-
tricity. It is apparent that the hydrogen-charged TiO, crystal absorbs
light more effective than the pristine TiO,, and both samples show
strong absorption to UV light below 365 nm wavelength. A UV laser
with a 365nm wavelength was suitable to induce the photovoltaic
effect. To confirm the existence of protons in TiO,, we conducted
Fourier Transform Infrared (FTIR) characterization of the proton
doped TiO, sample. As shown in Fig. 1(b), the absorption peak located
at around 3280 cm™' wavenumbers indicates the formation of O-H
bond, which can be a sign of proton identification.”’ The hydrogen-
charged TiO, crystal becomes blue color but still transparent, also indi-
cating the formation of O-H bond in the TiO, crystal, i.e., effective
doping of protons. Proton doping also results in lattice expansion and
distortion, which can be illustrated by the left shift of TiO, (002)

(a) 80+ Pristine TiO, (b) 100.00 - (C) —— Pristine TiO,
= —— Hydrogen-charged TiO, —— Hydrogen-charged TiO,
s 3 99.981 -
o 601 < >
2 8 99.96 L
L § =
€ 40 £ 99.94 =
2 2 G
© S 99.92- Q
= 201 = £
99.90{/ — Pristine TiO,
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0 T T 9.88 T T T T T T T T
200 400 600 800 3000 3100 3200 3300 3400 3500 624 626 628 63.0
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20 (degree)

FIG. 1. Optical transmission spectra (a), FTIR spectra showing the absorption by O-H bonding (b), and XRD (002) peak (c) of pristine and proton doped TiO, crystals.
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diffraction peak in XRD pattern shown in Fig. 1(c), where one can see
clearly left shift of the peak for the hydrogen-charged sample.

The effective flexoelectric coefficients of the (001) TiO, single
crystals with semi-transparent Au electrodes on both sides were mea-
sured with a setup shown in Fig. 2(a). With the generated flexoelectric
current shown in Fig. 2(b), the polarizations under different strain gra-
dients can be extracted and are shown in Fig. 2(c), where the labeled
flexoelectric coefficients are calculated from the slope of the fitting
lines. As depicted in Fig. 2(c), the u-shape bending of the pristine TiO,
crystal reveals an effective flexoelectric coefficient of approximately 1
nC/m in the dark conditions. By contrast, the flexoelectric coefficient
of the proton doped TiO, sample exhibits a significant enhancement
exceeding two orders of magnitude. The effective flexoelectric coeffi-
cients of the hydrogen-charged TiO, crystal corresponding to the
n- and u-shaped bending were also measured, and results are illustrated
in Fig. 2(d). It is apparent that the sample is macroscopically symmetric
for the top and bottom surfaces, and there is no obvious difference
between the two bending modes in terms of the flexoelectric effect.

To further demonstrate the presence of charge carriers in the pro-
ton doped TiO,, the photocurrent at the Au/TiO, interface was mea-
sured, and the results are shown in Figs. 3(a) and 3(b). One can
observe that when UV light is incident on the top surface, it results in
the photovoltaic effect and leads to the generation of photocurrent. It
is intriguing to observe, as depicted in Fig. 3(b), that the photocurrent

(@)
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of the proton doped TiO, crystal is three orders of magnitude higher
than that of the pristine crystal sample.

It should be noticed that the photocurrent is a persistently
decayed current under constant UV light and does contribute to the
alternative flexoelectric current, as measured by the lock-in amplifier.
However, as illustrated in Figs. 3(c) and 3(d), incident light-induced
electrons and holes can migrate to the electrodes, giving rise to
enhanced photocurrent, i.e., the photovoltaic effect. Despite bending
the sample, we did not observe significant increase in the photovoltaic
effect, since compared to the large photocurrent, bending induced
flexoelectric current is not obvious.

To further understand the proton doping effect in the crystal, the
proton doped TiO, crystal was tested with I-V curve measurement by
applying sweeping voltages from —10 to 10 V. As shown in Fig. 4(a),
the sequence of the voltage sweeping is from 0V to a maximum of
positive voltage 10V and then to a maximum of negative voltage
—10V, and finally back to 0 V. One can observe a hysteresis loop for
proton doped TiO, in contrast to the pristine TiO, crystal. This indi-
cates that protons in the crystal can migrate driven by the external
electric field. The modulation of interfacial Schottky barriers generated
by the proton migration can further trigger the switching between the
high-resistance state (HRS) and the low-resistance state (LRS), which
is similar to the reported switchable diode-type resistive switching
behavior.”"** This resistive change caused by proton doping may be

(b) 3504
* Pristine TiO,
3004 ¢ Hydrogen-charged TiO,

Lock-in

Proton doped
TiO2

Amplifier

!

_Piezoelectric
actuator

Signal Reference signal
generator

u=—1.00 nC/m

-400+

-800-
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00 05 10 15 20 25
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o
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00 03 06 09 12
Strain Gradient(m™)

FIG. 2. (a) Schematic diagram of flexoelectric measurement setup showing the bending fixtures to introduce dynamic strain gradient to samples. (b) Original currents obtained
by the lock-in amplifier for pristine TiO, and proton doped TiO, at different strain gradients. (c) Effective flexoelectric effect of pristine and proton doped TiO, crystals. (d)
Comparison of the flexoelectric coefficients corresponding to n- and u-shaped bending for the proton doped TiO, crystal.
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tine (c), and proton doped (d), TiO, crystals under UV light illumination. E; is the energy conduction band minimum, E, the energy valence band maximum, E the work func-

tion, ¢ the barrier height, and Eg the bandgap.

useful for the development of memristors or photoelectric memristors
for neuromorphic computing.

To prove the n-type conduction nature of the proton doped TiO,
crystal, we also conducted the Seebeck coefficient and conductivity
measurements, and the results are shown in Figs. 4(b) and 4(c). One
can see that the hydrogen-charged TiO, crystal is an n-type semicon-
ductor. The increase in the Seebeck coefficient and the decrease in the
conductance in the second cycle of measurement are observed. We
can observe that the blue color of the crystal became weaker after the
measurement. The thermal powers of the crystal for the two-cycles of
measurement are shown in Fig. 4(d), where one can see that the out-
diffusion of proton also reduces the thermal power.

DFT calculation of 4% proton doped TiO, was also performed to
understand the mechanism of increased flexoelectricity. Based on the
simulation model, a is 4.77 A (pristine 4.59 A), bis 482 A (pristine
459 A), and ¢ is 2.96A (pristine 2.95 A) for the 4% proton doped
TiO,. When the doping concentration increases to 14%, a is 4.84 A, b is
4.85 A, and cis 3.02A. With proton doping, the lattice is distorted, and
its unit cell expands in a, b, and ¢ directions. Our calculated bandgap of
pristine TiO, crystal is 2.3eV. Even though the size of the unit cell
increases slightly after doping, the computed bandgap value is reduced
by approximately 10%-20%, as shown in Fig. 5(a). The preference of
protons in TiO, is the site of its oxygen octahedral, this result is consis-
tent with an earlier report,”’ and it is interesting to see that all protons
point to the same direction after performing geometric optimization in
the computational setup in Fig. 5(b). In the proton doped TiO, crystal,
weak O-H bond is formed with a bond distance of d= 0.1 nm, and the

formation of the O-H bond induces an electric polarization in its unit
cells; the O-H bond distance of 0.1 nm creates an additional electric
dipole of 5Q+§ +0Q_ gz 2.16 x 107* cm at each site, as shown in
Fig. 5(c), where Q is the variation in charges in O-H bond. Based on
this dipole value of one O-H bond, if one unit cell is doped with one H,
the polarization is in the same scale of BaTiO;. Interestingly, when
compared to pristine TiO,, the dielectric constant of 4% proton doped
TiO, and 14% proton doped TiO, is increased by 8.3 and 9.8 times,
respectively. The bond angle of O-H may also be easily changed under
strain gradient, giving rise to large flexoelectricity analogous to polariza-
tion switching induced flexoelectricity, where the schematic diagram is
drawn in Fig. 5(d). A more detailed study in modeling needs to be car-
ried out to understand the physics behind this interesting result.

According to the barrier layer model,*“* the photo-flexoelectric
enhancement could be attributed to the narrowing of the depletion
layer of the Schottky barrier at the Au/TiO, interface. In our experi-
ment, induced protons can increase the charge carrier concentration in
TiO, and further shrink the width of the depletion region. A quantita-
tive dependence of the effective flexoelectric coefficient . of semi-
conducting materials is given by'”

_ [ngge,
Hett = 2¢0(P27

1

where n is the free carrier concentration, &, is the vacuum dielectric
permittivity, ¢, is the relative dielectric constant, ¢, is the Schottky bar-
rier height, ¢ is the surface deformation potential, and t is the sample
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thickness. The change in the free charge carrier concentration can be a
major factor influencing the change in fi.g in our experiment, while
the flexoelectric enhancement observed in the reduced TiO, sample
under dark conditions corresponds to two orders of magnitude
increase in the free carrier concentration. As shown in Fig. 2(c), a
much larger increment of p.; can be observed on the proton doped
TiO, sample, and the presence of protons in the TiO, crystal can be
attributed to the observed flexoelectric enhancement. These protons
introduce defect levels, which effectively lower the Fermi level of TiO,
and subsequently decrease the Schottky barrier height at the interface.
As a result, the effective flexoelectric coefficient () in Eq. (1) is sig-
nificantly increased. The significant increase in photocurrent for the
proton doped sample in Fig. 3(b) is attributed to the doping-induced
defect levels within the bandgap, which act as light absorption centers
that convert photon energy into electron-hole pairs. On the other
hand, when we bent the sample, we did not observe a clear enhance-
ment of the photovoltaic effect because the contribution of the flexo-
electric current to the charge transfer across the Schottky junction at
the surface is much smaller compared to the photocurrent. As reported
by Wang51 and Zhai,” the formation of O-H vacancies (V,,) contrib-
utes to the reduction of bandgap, leading to an enhanced photovoltaic
effect. The increase in the Seebeck coefficient and the decrease in the
conductance in the second cycle of measurement [Figs. 4(b) and 4(c)]
originate from the out-diffusion of protons from the crystal resulting
in a decreased charge carrier density. Similarly, the pale blue color of

the sample after the measurement can also be concluded that the out-
diffusion of protons in the crystal reduced the charge carrier density,
giving rise to increased Seebeck coefficient and reduced conductivity.

From the lattice distortion point of view, when protons are inter-
stitially doped into oxide materials, they can create local strain fields
within the crystal structure. These strain fields introduce gradients in
the lattice parameters or atomic displacements, leading to variations in
strain across the material. As a result, the flexoelectric effect is acti-
vated, causing the material to generate an electric polarization in
response to the strain gradients under a large dielectric background. In
the case of proton doping in TiO,, the high charge density and high
mobility of proton allow them to easily occupy interstitial lattice sites.
By occupying these interstitial sites, proton atoms can perturb the local
environment and introduce strain variations effective in inducing
strain gradients, leading to strain variations on a nanoscale level. The
production of a significant and enduring electric polarization is attrib-
uted not only to proton doping under strain variation but also to the
substantial increase in dielectric constant, as depicted in Fig. 5(a).
The decreased bandgap makes the TiO, crystal semiconducting with
the presence of more charge carries contributing to the flexoelectric
current; it is also called as flexoelectric-like by Catalan’s group."”

With the help of BLYP functional, the calculated bandgap
(2.3€V) of pristine TiO, is much closer to the experimental value
(3eV), as plotted in Fig. 5(a). Figure S1 shows computed band struc-
tures of the pristine TiO, and proton doped TiO,. However, our
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research objective is not focused on finding a perfect DFT functional
for TiO,. Instead, our main goal is to gain a deeper understanding of
the impact of bandgap on proton doped TiO, crystals. For this pur-
pose, it is fair enough to employ a reasonable and well-established
DFT functional BYLP to compare the bandgap of TiO, with and with-
out proton doping. Contrary to expectations, the bandgap of TiO,
does not increase when proton dopants expand the lattice. This unex-
pected observation may be attributed to the induced electric polariza-
tion, which leads to an increase in charge fluctuation. As a result, there
is an increase in the overlap of wavefunctions in the proton doped
TiO, to increase electric conductivity. By increasing the concentration
of proton in TiO, in the simulator, the bandgap value will decrease
even further with the evidence in Fig. 5(a).

In comparison to the generally small magnitude of the intrinsic
flexoelectric effect in oxide materials, non-intrinsic flexoelectricity
induced by dopants has the potential to exhibit a significant increase
by orders of magnitude. Compared to vacuum annealing induced oxy-
gen vacancy and reduction of the cations (such as Ti'" changes to
Ti> "), this work demonstrates a promising approach of proton doping
in insulating oxide materials, leading to robust flexoelectricity. Highly
insulated oxide can generate flexoelectric field but with very low flexo-
electric current. The increased charge carries in the proton doped
oxide contributes more flexoelectric current driven by the flexoelectric
field. In our control experiment, annealed TiO, does not show any
increase in flexoelectricity (see Fig. S2). We believe that for a specific

oxide material, there should be an optimized charge carrier density
resulting in the maximum flexoelectricity when considering the quan-
titative correlation between the flexoelectric coefficient and charge car-
rier density. However, when the doped material turns from a
semiconducting state to a metallic state, the flexoelectric field will be
screened by free electrons, leading to zero-flexoelectricity. A more
detailed quantitative study deserves further study.

In conclusion, the proton doping effect on flexoelectricity of TiO,
crystal has been studied. It is found that by introducing protons in
TiO,, the effective flexoelectric coefficient can be enhanced by over
two orders of magnitude, and its photovoltaic effect can be increased
by three orders of magnitude. These results help understand the mech-
anism of exotic flexoelectricity and may also provide application of the
giant flexoelectric effect in energy conversion applications such as
energy harvester and accelerometers, etc.

See the supplementary material for Figure S1, which shows the
band structure of TiO, as a function of doping level, and Figure S2,
which shows the control results of the flexural electrical experiments
on thermally annealed TiO, single crystals.
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