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1. Introduction

The ferroelectric photovoltaic effect has attracted significant
attention in recent years.[1,2] A quest to understand physics[3–5]

and to further enhance the photovoltaic
performance of ferroelectrics is currently
ongoing.[6,7] One of the proposed solutions
is to boost the photovoltaic output by using
additional inputs or stimuli, such as
mechanical stress.[8,9] In this context,
mechanical force-induced escalation of
the ferroelectric photovoltaic output has
been recently reported.[10–12] Yang et al.
induced mechanical strain in centrosym-
metric crystals with the aid of an atomic
force microscopy (AFM) tip and a nanoin-
dentor for an increase in photocurrent,
gaining insight into the flexo-photovoltaic
effect (strain gradient induced/enhanced
bulk photovoltaic effect).[10] This work
was further extended to ferroelectrics by
Nadupalli et al.[11] They applied uniaxial
force on Fe-doped LiNbO3 single crystals
and found that the increase in photovoltaic
output maintains a linear relationship with
the applied mechanical force. Nadupalli
et al.[11] named it piezo-photovoltaic effect

(ferroelectric analogy of the flexo-photovoltaic effect where
mechanical strain disturbs the material symmetry leading to a
temporary or permanent change in the state of polarization)
which should not be confused with the piezo-phototronic
effect[13] (“change in Schottky barrier height due to generation of pie-
zoelectric charges”[11]). Mechanical force-induced manipulation of
ferroelectric domains has been independently and extensively
studied in ferroelectric single crystals,[14,15] and thin films.[16,17]

The prime reasons for the mechanical switching in ferroelectric
domains can either be due to one of the followingmechanisms or
by the cumulative effect of 1) puremechanical loading,[18] 2) flexo-
electric effect,[17,19] and 3) ferroelectric–ferroelastic switching.[20]

The mechanical loading in ferroelectrics has been found to cause
structural changes or chemical modifications[21] (e.g., diffusion
of oxygen vacancies or alkali elements[22]), which can further lead
to electrostatic or Vegard strains.[18] Most of the studies involve
scanning probe-based techniques for understanding the nano-
scale mechanical response of ferroelectric domains,[17,23] and
attention is paid to the mechanical writing and electrical erasing
of ferroelectric domains and vice versa.[17,18,24] These studies are
interesting for the development of novel domain wall and inter-
face dominated mechanisms and devices.[25–28] However, nano-
scale optomechanical or flexo-photovoltaic control and mapping
of ferroelectric domains at the nanoscale, and understanding
optomechanical domain evolution remain elusive.
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The piezo-photovoltaic effect has been recently proposed as an analogy of the
flexo-photovoltaic effect in noncentrosymmetric ferroelectrics that are also pie-
zoelectric in nature. It has been demonstrated to boost the photovoltaic per-
formance of ferroelectrics under applied uniaxial mechanical loads. The impact of
the piezo-photovoltaic effect on ferroelectric domains, however, has not yet been
studied. In this context, a nanoscale insight into mechanical as well as opto-
mechanical control of domains in a novel bandgap-engineered ferroelectric,
namely—KNBNNO ((K0.5Na0.5)NbO3–2mol% Ba(Ni0.5Nb0.5)O3�δ), is provided.
It is found that the applied mechanical force of 1 μN (pressure: 0.25 GPa) using a
scanning probe tip evinces a 67% amplification in piezoresponse in the material,
and on removing mechanical load, the material retains 33% higher piezores-
ponse than the pristine state. Mechanically induced property changes in the
material are found to be strongly influenced by light illumination. Applied
mechanical stress due to an atomic force microscopy (AFM) tip is highly non-
uniform and can induce additional polarization via the flexoelectric effect which
further enhances the photovoltaic charge screening.
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In this context, we studied ferroelectric domains in bandgap-
engineered KNBNNO ((K0.5Na0.5)NbO3–2mol% Ba(Ni0.5Nb0.5)
O3�δ) using customized piezoresponse force microscopy
(PFM) with and without light illumination. KNBNNO is an
optically active material (bandgap of 1.6 eV) with a good piezor-
esponse.[12,29] It has been discussed with regard to nonthermal
optical,[7,30] and optoelectric[31] control of ferroelectric domains.
Based on a nominal change (<2 μC cm�2) in polarization over
the broad temperature range (20–155 �C) and direct measure-
ment of temperature (�0.5 �C) due to exposure of 405 nm wave-
length illumination of our setup, we ruled out the possibility of
localized heating and pyroelectric effect in KNBNNO in our pre-
vious studies.[7,30,31] This makes it an ideal candidate for studying
mechanical[32] and optomechanical control of ferroelectric
domains as well. Nanoscale insight into the variation of the pho-
tovoltaic output due to optomechanical manipulation of ferro-
electric domains is likely to lead to new opportunities in the
area of ferroelectric–photovoltaics and opto-ferroelectric[33]

devices.

2. Mechanical Control of Domains in KNBNNO

The mechanical switching measurements were performed first
by calibrating (using the in-built software tool provided by the
AIST-NT Smart system) the AFM tip for the applied mechanical
force on the sample. The force threshold was initially investi-
gated under pure mechanical loading. In this context, a large area
(3� 3 μm) was selected (Figure 1a) and imaged with an inten-
tional low AFM tip force (0.1 μN) to avoid domain manipulation
while performing PFM. Thereafter, a small area (1� 1 μm; see
the white box in Figure 1) was poled under pure mechanical

loading (1 μN; approximate pressure 0.25 GPa [estimated under
the assumption that the tip-sample contact is a disc of radius
equivalent to the AFM-tip radius[17,34]]) with the AFM tip. The
area was reimaged with AFM tip force 0.1 μN to depict the
change in piezoresponse caused by the mechanical force of
1 μN. The topography, PFM out-of-plane phase, and amplitude
are shown in Figure 1b,h,n, respectively. Though the phase sig-
nal shows a small/negligible variation in the mechanically poled
area, remarkable changes can be observed in the phase signal in
the vicinity (see the nearby area outside the white boxes) of the
mechanically poled area (compare the area outside the white box
in Figure 1g–h). Similar observations (effect of various stimuli in
the vicinity of the poled area) on KNBNNO samples have been
observed by us due to electrical and electro-optic poling.[31] This
has not been fully understood by us due to the polycrystalline
nature of this material. The out-of-plane PFM amplitude, when
compared with the pristine state, shows significant variation as
well, i.e., increases with increasing tip loading force (compare
Figure 1m,n). Similar observations were made after mechanical
poling with higher forces (2–5 μN). Intriguingly, negligible
changes are seen in the sample topography till 3 μN force (see
the area in the white box Figure 1a–d). However, the sample sur-
face starts deforming under mechanical loads of 4 μN (note
the deformation of topography and appearance of a light square
in Figure 1e corresponding to the white boxes shown in
Figure 1a–d). The change in topography can be more clearly
observed in Figure 1e,f. With a change in topography, an expan-
sion of up domains in Figure 1k was observed whereas up
domains were shrinking with an increase in pressure with lower
forces (see Figure 1g–j). This variation in trend is due to the
deformation of material surface and interaction of domains in
the underlying layers. These measurements suggest that the

Figure 1. Mechanical switching in KNBNNO: a–f ) topography, g–l) out-of-plane phase, and m–r) out-of-plane PFM amplitude of images acquired at
0.1 μN and post mechanical poling on central 1� 1 μm area (highlighted with white box) with 1–5 μN. respectively. Note the impression impinged due to
mechanical force in (e) and (f ) (scale in (a)¼ 500 nm).

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2100050 2100050 (2 of 7) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


threshold mechanical force for causing deformation in
KNBNNO surface is �3 μN. No changes in the topography of
mechanically poled areas corresponding to 1 μN were observed
but the changes in the phase and PFM amplitude signal in the
poled as well as nearby area indicate interactions with the adja-
cent domains.

To gain a better understanding, the normalized area of up
domains and normalized maximum PFM amplitude for the data
shown in Figure 1 are plotted in Figure 2a. A clear fall in the area
of red/up domains from 0.1 to 3 μN and corresponding fluctua-
tions in the PFM amplitude complement each other. A sudden
jump in the amplitude and increase in the area of up domains for
4 μN can be attributed to the mechanical deformation of the sam-
ple surface. To further elucidate the mechanical switching
threshold of ferroelectric domains, PFM was performed on a dif-
ferent location for incremental mechanical forces from 0.04 to
1 μN (see Figure S1, Supporting Information).

The PFM out-of-plane phase (Figure S1, Supporting
Information) images acquired with mechanical loading
(0.04–1 μN) using AFM tip suggest that mechanical poling
starts at nearly 0.40 μN. Note the change in color of amplitude,
variation in the phase signal, and the area covered by the
up/red color domains in Figure S2, Supporting Information
(major changes are highlighted using white boxes). A similar
trend is also revealed by the analysis of the area of up domains
and PFM amplitude disclosed in Figure 2b. An abrupt decline
in the domain area from 0.3 to 0.4 μN is conclusive evidence
for depicting the mechanical threshold for ferroelectric
domains switching at 0.4 μN. The changes in the area of up
domains are not alluring for forces higher than 0.4 μN
whereas the variation in PFM amplitude becomes more prom-
inent for the aforementioned force range. Interestingly, even
within the same domain, the piezoresponse of the material
varies drastically and is confirmed by the variation in PFM
out-of-plane amplitude data as manifested in Figure S2,
Supporting Information. The domains with lower piezores-
ponse (highlighted with the white boxes in Figure S2,

Supporting Information) are the first ones to exhibit a change
in the domain shape.

The piezoresponse of all domains sinks with the change in
domain area till 0.4 μN (note the difference in PFM amplitude
scale color and domain wall thickness for mechanical forces
0.04–0.4 μN in Figure S2, Supporting Information). The
mechanical threshold of 0.4 μN acts as an equilibrium state
for the movement of domain walls and on further raising the
force (0.5–0.6 μN) the PFM amplitude proliferates
(see Figure 2b). The area of the up domain further drops corre-
sponding to the applied mechanical force of 0.6–0.9 μN with
nominal fluctuation in amplitude but an elevation at 1 μN leads
to a reduction in piezoresponse/PFM amplitude.

Following this, the reversibility of the mechanical loading was
tested and is shown in Figure 3. To test the reversibility of
mechanically poled domains, PFM was performed with a tip
force of 0.07 μN at the pristine state (Figure 3a,d), with the
mechanical load of 1 μN (Figure 3c,f ), and postmechanical pol-
ing with PFM tip force of 0.07 μN (Figure 3b,e). A clear reversal
of domain area can be observed (Figure 3g) through the phase
images with a 67% increase in the PFM amplitude signal due to
mechanical loading with 1 μN (see the normalized PFM ampli-
tude [0.6–1 arbitrary unit in Figure 3g; percentage increase:
(1.0–0.6)� 100/0.6]). After removing the mechanical load even
though the domains fully return to their original position, a
33% higher PFM amplitude is achieved in contrast to the pristine
state. The same can be cross verified by the color contrast of
Figure 3d–f. Unlike Nadupalli et al.,[11] we applied force using
an AFM tip which is local and highly asymmetric. Therefore,
the increase in PFM amplitude in addition to the reversal of fer-
roelectric domains can be attributed to the flexoelectric
effect[17,19] or Vegard strains.[18] The presence of oxygen vacan-
cies[35] and the diffusion of alkali elements[36] are also likely to
support this change, especially when Ba(Ni0.5Nb0.5)O3�δ

(BNN) is known to introduce a combination of Ni2þ on the B
site and oxygen vacancies which are accommodated by the Nb
ions in the parent ferroelectric-(K0.5Na0.5)NbO3 (KNN).[37]

Figure 2. Change in area of up domains and PFM amplitude as a function of the applied mechanical force via AFM tip: a) Normalized area of up domains
(red-colored) and normalizedmaximum PFM amplitude depicted from the data shown in Figure 1. b) Force-dependent variation in the normalized area of
up domains (red-colored) and normalized maximum PFM amplitude obtained from the data shown in Figure S1 and S2, Supporting Information. Note:
The normalization factor for data shown in (a) and (b) is different to provide an overview of the force-dependent variation of the PFM amplitude for the
respective data set.
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KNBNNO has a rhombohedral structure at room temprature[12]

and is, therefore, likely to offer structural distortions as a result of
applied mechanical force. Apart from this, the specific prepara-
tion route can potentially cause the formation of a surface layer,
which has been reported for other polycrystalline ferroelectric
systems.[38] This also suggests that the reduction in the area
of up domains on laser exposure,[7,30] applying electric field[31]

and mechanical stress might be the inherent property of the
material. Given that the piezoresponse changes significantly
when the change in domain area is nominal (as shown in
Figure 2b for 0.5–0.6 μN), it is highly likely that the asymmetry
due to applied force cause diffusion and therefore leads to struc-
tural distortions. The reversal of ferroelectric domains with diver-
gence in PFM amplitude/piezoresponse for forces <1 μN makes
it interesting to further investigate the optomechanical control of
ferroelectric domains in this regime.

3. Optomechanical Control of Domains

To study the optomechanical manipulation of ferroelectric
domains, first, a PFM out-of-plane phase image was procured
corresponding to the mechanical force of 0.07 μN (Figure 4a)
and 1 μN (Figure 4d). The sample was then poled optically
and the corresponding phase images are shown in Figure 4b,
e (See Figure S3, Supporting Information, for the corresponding
amplitude images). The laser of wavelength 405 nm was selected
as in our previous studies we found that it gives a pronounced
change (in contrast to other wavelengths in the visible spectrum)
in the surface potential which is further compensated by the
movement of ferroelectric domains.[30] Figure 4c,f show the
reversibility of domains after turning the laser off under mechan-
ical loads of 0.07 and 1 μN, respectively. Comparing Figure 4a,d,
changes due to mechanical loading can be observed. Similarly, a
comparison of Figure 4a with (b) and (c) confirms light-induced
changes and their reversal on turning the light off at 0.07 μN. The
same observations can be made by comparing Figure 4d–f.

Interestingly, the comparison of optomechanically manipulated
domains (Figure 4b,e) shows differences in the domain size. The
same is also highlighted in Figure 4g. The changes in the area of
the up domains with respect to different mechanical forces are
higher in dark 0.07 μN: 2.57 μm2 (normalized value: 0.98) and
1 μN: 2.34 μm2 (normalized value: 0.89) in the pristine state;
0.07 μN: 2.62 μm2 (normalized value: 1.00) and 1 μN: 2.29 μm2

(normalized value: 0.87) after turning the laser off ) than due
to optical poling (0.07 μN: 1.90 μm2 (normalized value: 0.72)
and 1 μN: 1.86 μm2 (normalized value: 0.70)). A relatively larger
area (2.57–2.62 μm2) of up domains in contrast to the pristine
state is observed under the mechanical force of 0.07 μN after
turning the laser off while it is lower (2.34–2.29 μm2) in the case
of 1 μN. Since the difference in the area in both the cases is neg-
ligible (0.05 μm2) considering the scanned area (4 μm2), it can be
ascribed to the marginal error due to scanning drift. Therefore, it
is not used to drive any conclusions, especially in a sensitive sam-
ple such as KNBNNO where mechanical loading can cause
changes outside the scanned area.

Through Figure 2b it is already established that for a nominal
change in the domain area due to an external stimulus, a signifi-
cant change in the PFM amplitude is expected. A higher PFM
amplitude/piezoresponse of mechanically as well as optomechani-
cally manipulated domains at 1 μN is an indication of a higher
state of polarization (note the difference in the color of supporting
Figure S3e,k, Supporting Information) and thus is expected to pro-
vide a higher photocurrent by enhanced charge screening due to
the ferroelectric photovoltaic effect. This was also tested by mea-
suring photocurrent under the same conditions in which PFM
measurements were performed (PFM driving amplitude 0.5 V
and tip force of 0.07 and 1 μN). An increase in the photocurrent
at higher mechanical force (Figure 5a) helps in interpreting that
the optomechanical effect or piezo-photovoltaic effect[11] is helping
in achieving a higher state of polarization with amplified piezor-
esponse due to which a hike in photocurrent can be observed.
Since no changes in the sample topography were observed for

Figure 3. Reversibility of mechanical force-induced domain area: a–c) out-of-plane phase and d–f ) amplitude images acquired under mechanical loads of
0.07 μN (pristine), 1 μN, and again with 0.07 μN (postmechanical poling). g) Normalized area and amplitude obtained from the analysis of data shown in
(a–f ) (scale¼ 500 nm).
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AFM tip forces less than 3 μN, the increase in photocurrent can be
due to a combination of an increase in piezoresponse and a
decrease in serial resistance. KNBNNO is reported for an increase
in conductivity due to 405 nm laser exposure and the effect
increases by orders of magnitudes even with a small applied elec-
tric field.[31] However, in the present case, both measurements
(with tip force of 0.07 and 1 μN) were performed under the same
parameters and laser energy with no additional electric fields. This
helps in ruling out the possibility of a decrease in serial resistance.
In addition to this, even though the applied force is significantly
low there remains a possibility of elastic deformation of the tip that
can also result in a change in the tip contact area and the serial
resistance.[17,34]

KNBNNO is very sensitive to light, electric field, mechanical
vibrations, and thermal fluctuation,[12] and its state of polariza-
tion can be influenced, as seen, for example, in changes in

the piezoelectric constant (d33).
[30] Moreover, in a macroscopic

measurement, unpoled samples were found to show no or neg-
ligible (in the noise range of the source meter) photocurrent.
Therefore, we further performed macroscopic photocurrent
measurements on a sample that was electrically poled
(60 kV cm�1) for different times (Figure 5b). A variation in the
photocurrent of the sample with different d33 helps in under-
standing that a variation in polarization state due to any stimulus
(optical, mechanical, or thermal) should also lead to a change in
photocurrent. This supports the argument of having enhanced
photovoltaic output due to the optomechanical manipulation
of ferroelectric domains and explains the changes in the observed
piezo-photovoltaic effect at the nanoscale. The photocurrent
shown corresponding to different d33 in Figure 5b does not fol-
low a linear trend and a similar behavior can be expected at the
nanoscale. However, with the forces in the range of reversible

Figure 4. Optomechanical manipulation of ferroelectric domain area and reversibility: out-of-plane phase images acquired in a) dark, b) post optical
poling, and c) after turning the laser off at the mechanical force of 0.07 μN. The phase images of the same area acquired in d) dark, e) post optical poling,
and f ) after turning the laser off at a mechanical force of 1 μN. g) Normalized area of the up (red) domains obtained from the analysis of data shown in
(a–f ). (Scale¼ 500 nm). The dark spots in (d–f ) are artifacts.

Figure 5. Photocurrent in KNBNNO: a) nanoscale photocurrent measurement with AFM tip force of 0.07 and 1 μN. In this measurement, a tungsten-
carbide AFM tip acted as the top electrode whereas the bottom electrode was Au–Cr. b) Macroscopic photocurrent measurement of the same KNBNNO
sample with indium tin oxide electrodes on both sides under different states of polarization (in absence of external mechanical stimulus).
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mechanical poling (0.04–1 μN), it is difficult to experimentally
realize this trend because 1) the increase in photocurrent for
KNBNNO with subsequent increase in mechanical load might
not be able to raise d33 relative to macroscopic levels and
2) the rise in photocurrent is probably in the error range of
AFM current signal. With this, we sum up our finding on nano-
scale behavior of ferroelectric domains in KNBNNO under the
individual and cumulative effect of mechanical force and laser
exposure.

4. Conclusion

In conclusion, the mechanical control of ferroelectric domains is
demonstrated in KNBNNO. We show that the ferroelectric
domains in KNBNNO can be controlled with the mechanical
forces, light, and under the cumulative effect of mechanical force
applied using an AFM tip and the light. The minimum force
required to manipulate the ferroelectric domains is 0.4 μN (tip
radius: 35 nm; approximate pressure: 0.1 GPa). Interestingly, it
is found that forces higher than 3 μN can induce a change in
the sample surface. The switching through applied forces is
found to be further supported by the optical manipulation of fer-
roelectric domains in KNBNNO. The mechanical load can help
in achieving an improved photoresponse as compared to the
piezo-photovoltaic effect alone. The observations presented in
this work thus broaden the nanoscale understanding of the opto-
mechanical response of ferroelectrics.

5. Experimental Section
The experiments were performed with an AIST-NT Smart SPM 1000

AFM system coupled to a Fianium Whitelase supercontinuum laser at
room temperature. HA_HR W2C ETALON tips (radius�35 nm) from
NT-MDT (spring constant¼ 17 to 40 Nm�1) were used for the mechani-
cal indentation and PFM measurements (performed using an AC PFM
amplitude of 0.5 V [peak-to-peak] with resonance frequencies in the range
of 800–1600 kHz). For consistency of results and to avoid the influence of
scan times, the scan rate (1 Hz) and the frame size (256� 256 lines for
2� 2 μm scan size) were maintained. Macroscopic d33 values of partially
and fully poled samples were measured with a Berlincourt piezoelectric
meter (YE2730A, APC International Ltd., USA) in dark. A source meter
(2450, Keithley, USA) was used to measure photocurrents. The laser
source (OBIS LX/LS series, Coherent, USA) of 405 nm wavelength with
a maximum power of 50 mW and beam diameter at 1/e2 of
0.8� 0.1 mm was used in the macroscopic measurement. The fabrication
method of the KNBNNO sample can be found in previous
studies.[7,12,30,39,40]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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