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ABSTRACT: Optoelectric control of domains is likely to pave the foundation for
optoferroelectric devices. This work reports the combined effect of light and low-
voltage electric bias for optoelectric control of ferroelectric domains in a
semiconducting ceramic materialKNBNNO ((K0.5Na0.5)NbO3 doped with 2
mol % Ba(Ni0.5Nb0.5)O3−δ). The effect is utilized to achieve two orders of
magnitude amplification in electrical response, asymmetric AC modulation, and
domain velocities of 30 000 nm s−1 with ultralarge domain switching areas of over
30 μm in fractions of a second. The charge injection due to light illumination on
this material causes the tuning of material conductivity and acts as a virtual
electrode. Based on this mechanism, a proof of concept for a monolithic ferroelectric light-effect transistor with a source and drain as
electrical contacts with light acting as a virtual gate is demonstrated. This is likely to offer a potential solution to the scaling limit of
conventional three-terminal transistors. The same device is also demonstrated to work as a photodiode, a half-wave rectifier, and an
electrical output modulator.

KEYWORDS: KNBNNO, photoferroelectric, photo-induced ferroelectricity, optical virtual electrode, optoferroelectric

1. INTRODUCTION

The renaissance of light-ferroelectric interactions has attracted
significant research interest in recent years1−4 due to
advancement in the understanding of underlying mecha-
nisms.5−9 This has resulted in renewed interests in enhanced
ferroelectric light energy conversion with large efficiency,10 and
the development of new concepts such as domain wall
photovoltaics,8,9 tip-enhanced photovoltaic effects,11 and shift
current models.5−7 Parallel ongoing investigations of the
possibility of utilizing optical control of ferroelectric
domains12−15 for the tuning of capacitance/resistive
states,16−18 multiferroic states,19 and macroscopic polar-
ization13,14 have also opened new pathways for the creation
of next-generation neuromorphic devices such as photo-
detectors,20 optical modulators,21 ferroelectric diodes,22

memristors,18 solaristors,23 optoelectric tunnel junctions,24,25

and photoferroelectric generators.2,26,27 Some commercial
devices for optoelectronic applications of ferroelectrics are
based on LiNbO3, with other materials being less ex-
plored.28−34 In this work, a cost-effective and easy-to-fabricate
polycrystalline bulk ferroelectric (KNBNNO: ((K0.5Na0.5)-
NbO3-2 mol % Ba(Ni0.5Nb0.5)O3−δ))

14,17,35 that has a 60%
lower electro-optic poling energy requirement than LiNbO3
crystals28−34 is presented.
KNBNNO is a band gap-engineered (Eg = 1.6 eV)

ferroelectric ceramic that has been reported as a monolithic
multifunctional energy conversion material with above band
gap photovoltages.35 These alluring features make it intriguing
for several electronic and energy harvesting devices2,36 and

nanoscale optoelectric investigations.37 The material has been
documented for reversible optical control of ferroelectric
domains with domain velocities of the order of 0.01 nm s−1,
corresponding to domain wall displacements of ∼20 nm in 15
min under the influence of a continuous laser source
(wavelength: 405 nm; intensity: 8.3 W cm−2).14 To be viable
for practical applications, the optical switching time and
domain wall velocities need to be increased significantly.
To address the issue, this work utilizes the cumulative effect

of light and low electric fields. First, a correlation in electrical
and optical behavior of KNBNNO is established and an
understanding of the mechanism of optoelectric control of
ferroelectric domains is developed. The switched domain areas
under the cumulative effect of the light and electric field are
found to be controlled by the applied voltage and laser spot
size. Light illumination is found to act as a virtual electrode,
and the charge injection/modulation in electrical output is
governed by the ferroelectric photovoltaic effect and optical
tuning of the material conductivity. The same phenomenon is
verified macroscopically, and modulation of the photocurrent
as well as the electrical current is demonstrated. Guided by
these findings, applications of fast ultralarge domain switching,
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a ferroelectric function generator, direct current (DC)
amplification, and asymmetric modulation of alternate current
(AC) are achieved. Based on these findings, KNBNNO is
found to work as a monolithic (in a metal-ferroelectric-
semiconductor-metal (MFSM) parallel plate configuration)
solaristor,23 phototransistor,23 photo field-effect transistor
(FET),38 photoswitch,39 and a light-effect transistor (a device
with two electrical terminals and light acting as a virtual gate:
same as a parallel plate capacitor).40

2. EXPERIMENTAL SECTION
KNBNNO ceramic samples were synthesized via solid-state route
from mixed reactants of K2CO3, Na2CO3, BaCO3, NiO, and Nb2O5.
The reactants were calcined at 850 °C for 4 h and subsequently
pressed green bodies were sintered at 1165 °C for 2 h. The sintered
samples were polished to a 100−120 μm thickness with an average
surface roughness of 50−60 nm. It should be noted that careful
control of the stoichiometry is needed to ensure the repeatability of
the material fabrication and desired functionality. This is well known
for all perovskite compositions containing alkaline elements, and it is
even more critical for the KNBNNO where minority doping is
present. The influence of the stoichiometry on microstructures and
functions of KNBNNO has been discussed in previous works.35,41

The concentration of oxygen vacancy, i.e., the δ value, may be tuned
with the sintering atmosphere like argon, nitrogen, and oxygen to
compensate any possible deviation of the stoichiometry thus the
overall functionality. Figure S1 in the Supporting Information
presents the quality of the KNBNNO ceramic sample, where the X-
ray diffraction (XRD) pattern and energy-dispersive X-ray spectros-
copy (EDXS) mapping confirm the correct KNBNNO composition
and orthorhombic perovskite phase,35,41 and the sharp XRD
reflections and scanning electron microscopy (SEM) image show
the high crystallinity of the grains and the high density of the
polycrystalline sample.35

For nanoscale measurements, the samples were further polished to
a surface roughness of 5−10 nm on one side and this surface was
scanned under atomic force microscopy (AFM) and piezoresponce
force microscopy (PFM) with a 405 nm laser source. The other
surface was coated with a Cr−Au electrode for bottom conductive
contact.
For macroscopic measurements, two sample and electrode

configurations were prepared. Configuration 1: the fabricated samples
were coated with 200 nm thick indium tin oxide (ITO) electrodes on
both sides. The coated samples were then laser-cut into small
rectangular (1−2 mm length and width) and round (1−2 mm
diameter) samples. This configuration was used for out-of-plane
measurement. Configuration 2: small-sized rectangular (1−2 mm
length and width) Ag electrodes were deposited on the same surface
of the sample through masked doctor blading. The gaps between the
electrodes ranged from 100 to 200 μm. This configuration was used
for in-plane measurements. During the high field (6 kV mm−1) poling,
each sample was immersed in silicone oil at room temperature with
the poling voltage on for 30 min in the dark. The photocurrent was
measured, and the external electric field was provided by the
SourceMeter (2450, Keithley) connected with a probe station
(PVX400, Wentworth Laboratories, UK). The probes were coated
with Au and directly contacted with the ITO electrodes on the
sample, acting as the pickup electrode of electrical signals. The light
source was a 405 nm, 50 mW laser (OBIS LX/LS Series, Coherent),
of which the beam spot size was 0.8 ± 0.1 mm in diameter at 1/e2.
Further experimental details are given in the Supporting Information.

3. ANALOGY IN OPTICAL AND ELECTRICAL
BEHAVIOR

First, an understanding of the analogies between the electrical
and optical behavior of KNBNNO was developed at the
nanoscale on an unpoled sample. Figure 1a−c shows the PFM

out-of-plane phase images of ferroelectric domains at three
different locations captured in the dark. Figure 1d displays the
post optical poling (with zero DC electric bias) domain
structure of KNBNNO, which was acquired after 15 min of
continuous laser exposure, showing that the bright domains
(up polarization) have shrunk due to laser exposure. Figure S2
in the Supporting Information confirms the reversibility of the
process, i.e., bright domain regions tend to recover after
turning off the laser. The domain orientation was altered under
illumination, while it recovered after the illumination was
removed. Such a nonremanent effect was because the electric
field induced by the surface charge carriers generated under
illumination was not strong enough to overcome the potential
barrier to permanently switch the domain orientation, i.e., it
happened on the linear part of the ferroelectric hysteresis
loop.14,17,42 All the optical measurements were performed with
a light source of 405 nm wavelength (laser spot size: 0.06 mm2;
power: 5 mW; intensity: 8.3 W cm−2). This incident light was
chosen because in our previous study14 we found that although
KNBNNO is sensitive to the full visible range, the maximum
outputs/changes in the ferroelectric domains are observed with
the wavelength of 405 nm. In general, the change of
macroscopic polarization in KNBNNO increases with the
incident light photon energy and power.14 As has been studied
in the previous research,43 the alteration and reversal of
ferroelectric domains under illumination may involve elec-
tronic polarization strengthening of the ionic polarization
vector in the direction of the applied electric field.
Figure 1e,f reveals the post electrical poling (both performed

in the dark) behavior with −4 V (electric field −40 V mm−1)
and +4 V (electric field +40 V mm−1), respectively. A
shrinkage of bright domains within the negatively poled area is
observed (Figure 1e), while the bright domains were expanded
due to positive poling, as shown in Figure 1f. This indicates
that the light and negative bias work in an analogous manner
and support the switching of ferroelectric domains in an

Figure 1. Comparison of electrical and optical response: (a−c) PFM
out-of-plane phase images of ferroelectric domains at three different
locations in a dark condition. PFM images of ferroelectric domains
(d) post optical poling with a laser source of 405 nm wavelength with
no electrical bias, post electrical poling with (e) −4 V (electric field
−40 V mm−1) in the dark and (f) +4 V (electric field +40 V mm−1) in
the dark. All images were acquired on an unpoled sample. The sample
was kept in the dark for over 2 h before each measurement to avoid
the effect of partial poling due to ambient white light exposure. All
measurements were carried out with the configuration, where Cr−Au
was the bottom electrode and the PFM tip acted as the top electrode.
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identical fashion. The phenomenon was further confirmed by
ruling out the effect of temperature change due to laser
exposure14 and by comparing the photocurrent and electrical
current (in the dark),14 measured using a conductive AFM tip
of 30 nm in radius. The effect of light-assisted localized heating
and the pyroelectric effect can also be ruled out based on the
experimental evidence of a nominal change (<2 μC cm−2) in
remanent polarization over a broad temperature range of 20−
150 °C (observed by macroscopic polarization−electric field
(P−E) loops shown in our previous work on KNBNNO).14 All
nanoscale experiments were performed at room temperature
and the localized temperature change corresponding to the
wavelength of 405 nm was found to be only 0.5 °C (direct
measurement using a thermocouple).14 Therefore, it has been
concluded that the light-dependent changes in ferroelectric
domains are primarily due to the compensation of light-
induced charges on the sample surface.14 Figure S3a in the
Supporting Information shows the growth (100 s) and decay
(250 s) of the photocurrent. The dark electrical current
responses to the voltages of −1 V (electric field −10 V mm−1)
and +1 V (electric field +10 V mm−1) are presented in Figure
S3b,c in the Supporting Information, respectively. Although
the growth and decay times for the photocurrent and electric
current (1 s each) are different, the same direction of the
photocurrent and electrical current with −1 V supports the
argument of analogy in the photoresponse and an applied
negative bias on the sample. The variation in the magnitude of
electrical response for +1 V (18 mA cm−2) and −1 V (−28 mA
cm−2) indicates an asymmetry in the device configuration. This
induced asymmetry could be due to the difference in the
electrode area or the work function difference between the two

electrodes (30 nm Pt AFM tip on one side while a 4 × 4 mm2

Au−Cr electrode on the other side).
The same domain areas in Figure 1a,d,b,e,c,f, respectively,

were identified using the topography images. Reproducibility
of the results was confirmed through repeated measurements
at different locations also as can be evident from Figures S5−
S11 in the Supporting Information.

4. LIGHT AS A VIRTUAL ELECTRODE

It is important to note that any asymmetry in the state of
polarization leads to a built-in field in the material, resulting in
a change in the density of bound charge carriers, as shown in
Figure 2a. The applied electric field will either be supported or
opposed by this built-in field, which will govern the magnitude
of the indicated net applied electric field (ENet), as shown in
Figure 2b,c. Due to this reason, it is often difficult to reliably
measure the doping polarity and charge carrier density in
ferroelectrics. However, it is evident that ferroelectric photo-
response depends on band-to-band or intra-band excitations
and is explained using ballistic and/or shift current
models.1,2,5,10,44 The effect further depends on the externally
applied field, and the photoconductivity and photovoltaic
effects (including the bulk photovoltaic effect and the Schottky
interface effect).2 The applied electric field in addition to the
resultant built-in field due to laser exposure leads to
modification of the Fermi-level and tilts the band gap profile,
as shown in the schematic of Figure 2d,e. Figure 2d shows that
in the absence of an applied electric field, the light illumination
helps in the excitation of charge carriers from the valance to
the conduction band, which are collected at the electrode due
to the presence of the built-in field. The applied electric field

Figure 2. Material properties under the application of positive and negative electric fields: (a) built-in field (EB‑in) due to the polarization of the
material. Effect on external bias applied (EApp) in the (b) same and (c) opposite direction of the built-in field. The schematic of charge migration
from the valence to the conduction band in the presence of (d) light only and (e) under the cumulative effect of the light and electric field. The
cumulative effect of the light and electric field tilts the band profile and gives rise to a drift of the excited carriers. (f) Transmission spectra of
unpoled, positively poled, and negatively poled samples with ITO electrodes on both surfaces. (g) Change in sample conductivity along with
sample thickness as a function of the laser intensity. The ratio of the light and dark electrical conductivities measured as a function of applied DC
bias (from ±0.5 to ±4 V) along the (h) in-plane direction in an unpoled sample in ferroelectric semiconductor field-effect transistor configuration45

with an inter-electrode gap of 140 μm and (i) out-of-plane direction in a poled 120 μm thick KNBNNO sample sandwiched between ITO
electrodes in MFSM configuration. Note: the light penetration depth for KNBNNO was 200 μm. (g, i) Out-of-plane device configuration and the
(h) in-plane device configuration.
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further lowers the Schottky barrier and facilitates charge
collection, as shown in Figure 2e. The phenomenon is also
anticipated to have more excited carriers in the conduction
band as a result of lowering the Schottky barrier, despite the
negligible difference in the transmittance spectra of unpoled
and poled samples (Figure 2f) corresponding to a 405 nm
wavelength. Following this, two orders of magnitude
modulation of the sample conductivity was observed as a
function of laser intensity (laser spot size: 0.5 mm2) when
measured macroscopically on KNBNNO sandwiched between
indium tin oxide (ITO) electrodes (Figure 2g). Additionally,
light-dependent (laser spot size: 0.5 mm2; power: 50 mW;
intensity: 10 W cm−2) modulation of in-plane conductivity
corresponding to applied voltages (±0.5 to ±4 V) over a wide
inter-electrode gap (140 μm) was measured in a ferroelectric
semiconductor field-effect transistor configuration45 and is
shown in Figure 2h. The results indicate that the light acts as a
virtual electrode for KNBNNO. Although the ratio of light and
dark conductivities is remarkably high corresponding to all
applied voltages, the in-plane current, as shown in Figure S4, in
the Supporting Information is significantly low. However, the
out-of-plane current was observed to be comparatively high in
the same unpoled sample. To enhance the out-of-plane current
output, the sample asymmetry was enhanced by poling it for 30
min in an electric field of 6 kV mm−1. Although poling did not
have much impact on in-plane conductivities, the observed
light to dark conductivity ratio was significantly high (Figure
2i) in the poled sample. This suggests that poled KNBNNO is
an ideal material candidate for a monolithic two-terminal

phototransistor/solaristor (MFSM configuration (ITO-
KNBNNO-ITO)).23 Comparing the unpoled and poled states
of the same sample, in the former, the domains were randomly
distributed in the ceramic sample, thus the net built-in filed
was zero. The asymmetric behavior of the latter was
introduced by the overall domain orientation, which induced
a built-in field perpendicular to the sample surface.
Furthermore, light to dark conductivity ratios (σLight/σDark,

Figure 2i) under applied voltages help in determining the
voltage thresholds for optoelectric applications such as
asymmetric rectification of AC bias (σLight/σDark < 1), and for
the use as a gating material for ferroelectric field-effect
transistors (σLight/σDark < 1) and photodetectors (σLight/σDark
> 1). The same mechanism helps in understanding the light-
assisted ferroelectric poling. Since light acts as a virtual
electrode with enhanced surface conductivity, the applied
electric field modulates the photocurrent and results in a high
charge injection over a broad area. This charge injection leads
to a fast and ultralarge domain switching area (much larger
than the electrical contact of the AFM tip), which could further
be controlled by a laser spot size and the applied electric field.
The domain switching behavior excluding the effect of charge
injection has been studied elsewhere with time-dependent
measurements.14 The difference of the light to dark ratios of
the conductivity between the devices with in-plane and out-of-
plane configurations may be attributed to different poling
states (unpoled in Figure 2h and poled in Figure 2i) and
different work functions of the electrodes (Ag in Figure 2h and

Figure 3. Cumulative effect of the light and applied electric field: (a, d) PFM phase images captured in a dark condition. Changes in the domain
structure of the pristine area after cumulative poling under light (incident on a large sample area) and electric bias of (b) +4 V and (e) −4 V
applied at a single point (marked in (a, d)) with a 30 nm AFM tip. (f) Large area scan to show the full-switched area under cumulative action of
light and −4 V for 40 s (white shaded area indicates light illumination area on the sample). Charge injection due to light-assisted electrical poling
with a bias of (c) +4 V and (g) −4 V. All measurements were carried out with the configuration, where Cr−Au was the bottom electrode and the
PFM tip acted as the top electrode.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://dx.doi.org/10.1021/acsaelm.0c00497
ACS Appl. Electron. Mater. 2020, 2, 2829−2836

2832

http://pubs.acs.org/doi/suppl/10.1021/acsaelm.0c00497/suppl_file/el0c00497_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00497?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00497?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00497?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00497?fig=fig3&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://dx.doi.org/10.1021/acsaelm.0c00497?ref=pdf


ITO in Figure 2i).46 These factors may affect the surface
charge carrier distributions and thus domain dynamics.

5. LIGHT-ASSISTED ELECTRICAL POLING
Figure 3a−c reveals the effect of light-triggered positive poling
with +4 V, while the effect of light-assisted negative poling with
−4 V is displayed in Figure 3d−g. The reproducibility of the
results at two different locations is illustrated in the Supporting
Information: Figures S5 and S6 for light-assisted positive
poling, and Figures S7 and S8 for light-assisted negative poling.
Initially, the laser was turned on for 40 s followed by the
application of +4 V (Figure 3c) or −4 V (Figure 3g) for 40 s at
the center of the area (shown by a circle in Figure 3a,d) using a
30 nm AFM tip. Interestingly, the out-of-plane photocurrent
was modulated in the opposite direction with nearly the same
magnitude using +4 V, while the negative bias led to a
modulation of two orders of magnitude in the same direction
(Figure 3c,g). The growth time for 8000% modulation with
negative bias was ∼1 s, while the full-modulation of 16 000%
was achieved in around 100 s, which is similar to the
photocurrent rise time in the absence of an applied electric
field, as shown in Figure S3a in the Supporting Information.
This indicates that a combination of laser intensity and AC
bias can be used to obtain asymmetric half-wave rectification,
which was demonstrated macroscopically, as shown in Figure 4
and the discussions below. The post poling shrinkage of the
out-of-plane bright domains in Figure 3b was found to be fully
reversible by the application of −4 V for 10 s at the same spot
in the dark, as shown in Figure S9 in the Supporting
Information. It shows that the charge injected by the
cumulative action of the light and electric field can be reversed
by applying an electric field alone in the opposite direction
through the AFM tip placed at the same spot. The reversal of

domains (see Figure S9 in the Supporting Information) leads
to the possibility of the creation of connected charged channels
across the domain walls47 due to light-triggered single-point
electrical poling. The same channels could be utilized for the
domain reversal if a higher current than the modulated
photocurrent is applied in the opposite direction. The same is
true for light-assisted negative poling, but it was only
confirmed macroscopically (Figure 4) due to the limitation
of the maximum voltage required to completely reverse the
domain states that could not be applied using the AFM system
on such a large switched area, as shown in Figure 3f. Besides, it
was revealed that light-assisted positive poling could lead to
optoelectric domain wall velocities of 72 nm s−1 (the average
change in the distance between the two domains in Figure 3b),
which could further be increased to 30 000 nm s−1 using light-
assisted negative poling (estimated as the minor radius of the
ellipse (equivalent to the switched area) in Figure 3f). Light-
assisted negative poling also results in ultralarge domain area
switching (450 000 times in contrast to the electrode (AFM
tip) area), which could further be controlled by an applied
voltage (as shown in Figure S10 in the Supporting
Information) and laser spot size (as shown in Figure S11 in
the Supporting Information). Figure S10 shows that the
switched area was extended equally in all directions due to an
increase in the applied voltage. A similar extension of the
switched area with an increasing applied voltage (in the dark)
has been reported for several other ferroelectrics and is
attributed to the pinning potential and domain wall creep.48,49

The domain wall velocity in such a scenario is given by
∼ [− ]μv v( ) e E E

0
/a , where Ea is the activation field, E is the

applied electric field,48,50 and μ is an exponent governing the
nature of the pinning potential and dimensionality of the

Figure 4. Modulation of the photocurrent and the electrical current: (a) photocurrent (without the electric field) and the electrical current
corresponding to the applied (b) positive and (c) negative bias (measured in the dark) on a bulk-poled KNBNNO sample. Modulation of the
electrical current with light due to the applied (d) positive bias of +0.5 and +1 V. (e) Modulation of the photocurrent by the applied negative and
positive biases of ±0.5 and ±1 V. (f) Demonstration of asymmetric AC photoferroelectric rectification behavior. All measurements were carried out
with the out-of-plane device configuration.
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wall.48,50 Lou et al. suggested a statistical model that explains
the same phenomena in bulk ferroelectrics.51 Optoelectrically
tuned in-plane conductivity and corresponding charge
migration (Figure 2h) modulates the pinning potential,
resulting in fast domain wall moment for low applied electric
fields in KNBNNO in comparison to the reported higher
electric fields in several well-known ferroelectrics such as
Pb(Zr0.2Ti0.8)O3,

48 poly(vinylidene-fluoride-trifluorethy-
lene),52 and BaTiO3.

50 Post poling stability of the switched
domains was studied at two different locations (locations 2 and
3) for 60 and 120 min, as shown in Figures S12 and S13 in the
Supporting Information. No changes were observed in
optoelectrically poled domains, whereas, only optically poled
domains return to their original position in 17 min.14 The
robustness of optoelectrically poled domains makes them ideal
for optoelectric modulators.

6. APPLICATIONS AND CONCLUSIONS
To demonstrate the potential applications of KNBNNO, a
device was prepared using 120 μm thick KNBNNO
sandwiched between two 200 nm thick ITO electrodes. In
this arrangement, KNBNNO works as a monolithic two-
terminal photodetector or photoswitch and a ferroelectric
light-effect transistor40 or a solaristor,23 where one electrode
acts as the source while the other as the drain and light
exposure as a virtual gate corresponding to those in
conventional semiconductor transistors. KNBNNO was
initially poled electrically (6 kV mm−1 for 30 min) to achieve
higher asymmetry and built-in fields. It is to be noted that the
sample was very sensitive to light and its polarization changed
even in ambient lighting conditions. The specific state of
polarization can, to some extent, be ascertained by the
magnitude of the measured photocurrent. Figure S14a,b in
the Supporting Information shows the comparison of the
photocurrent from the same sample for two different states of
the polarization. A comparison of the photocurrent (in the
absence of an external electric field) and electrical currents
corresponding to an applied positive and negative bias
(measured in the dark) is presented in Figure 4a−c,
respectively. The same sample was used to illustrate the
modulation of the electrical current (Figure 4d) and
photocurrent (Figure 4e). Interestingly, the electrical current
corresponding to +0.5 V is suppressed by the presence of light,
while the current corresponding to +1 V and higher voltages is
enhanced in the positive direction, as shown in Figure 4d. In
principle, the resultant current should be the cumulative result
of the electrical (+0.7 nA) and photocurrent (−1.8 nA), which
is not the case here. The resultant of the applied electric field
and built-in field helps in controlling the direction of the
photocurrent. The sample’s asymmetry directs the photo-
current in a negative direction, while the applied positive bias
guides it in a positive direction. The final outcome is governed
by the equilibrium state of ferroelectric domains (as also found
at the nanoscale in Figure 3a,b). With the higher applied
voltage of +1 V, the photocurrent is also modulated in a
positive direction, and the resultant electrical current is
enhanced. This could also be complemented with the out-of-
plane light to dark conductivity ratio (<1) corresponding to
+0.5 V for the poled sample (see Figure 2i). The suppression
of the electrical current corresponding to +0.5 V due to light
illumination was confirmed for two different states of
polarization, where the obtained photocurrents with the
same sample were different, as shown in Figure S14 in the

Supporting Information. In both conditions, a voltage of +0.5
V results in an increase in the electrical current in a positive
direction. However, the electrical current decreases to +0.2 and
+0.5 nA, corresponding to the states of polarization upon light
illumination of the sample (see Figure S14a,b in the
Supporting Information). On the contrary, the electrical
current with higher voltages is increased in the respective
directions by the presence of light. Due to this reason, a bias of
0.5 V was chosen to demonstrate asymmetric AC modulation
of the dark current (Figure 4f). The AC dark current for an
applied voltage of 1 V (peak to peak) can be modeled by fitting
eq 1 (shown by a black line in Figure 4e). The modulated
photocurrent for the same applied voltage is modeled using eq
2 (shown by a red line in Figure 4e). Similarly, several other
functions could be designed to obtain the desired output using
the presented photoferroelectric function generator.

π= + · −y y A x x wsin( ( )/ )0 c (1)

π= + · −y y A x x w(sin( ( )/ ))0 c
2

(2)

Interestingly, the cumulative action of the light and electric
field for voltages higher than 0.5 V modulates the individually
obtained current. The difference in the modulated magnitude
for the applied positive and negative bias can be explained on
the basis of ENet due to the built-in field. The same is also
supported by the dark and light conductivity ratio. The current
modulation was found to be consistent and reproducible,
irrespective of the process (voltage applied before turning the
laser on or laser turned on before applying voltage, as shown in
Figure S15 in the Supporting Information). This voltage-
dependent modulation of the photocurrent makes KNBNNO
suitable for a photodetector or self-powered two-terminal
phototransistor. In addition, several orders magnitude change
in the photocurrent by application of small voltages suggests
that KNBNNO’s photovoltaic performance can be significantly
tuned by applying small voltages. Though KNBNNO shows
untypical I−V (current−voltage) characteristics and in some
cases the electrical output is lower than the traditional existing
devices, we expect that the presented findings and the proof of
concepts for using ferroelectrics as a monolithic photoferro-
electric function generator/modulator, asymmetric AC rec-
tifier, and light-effect transistor are likely to motivate the
scientific community for the development of improved
optoferroelectric devices used in next-generation applications.
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