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ABSTRACT: Both ferroelectric crystals and liquid metal electrodes have attracted extensive
attention for potential applications in next-generation devices and circuits. However, the interface
information between ferroelectric crystals and liquid metal electrodes has so far been lacking. To
better understand the optoelectronic properties of microscale ferroelectric crystals (potassium
tantalate niobate, KTN) and its potential integration with liquid metal electrodes (a “printing ink”
for flexible electric circuit production), microscale KTN crystals sandwiched by eutectic gallium
indium (EGaIn, a liquid metal) with varied contact geometries were studied. Unlike the bulk KTN
crystal junctions, the microscale KTN junctions show electrical rectifying characteristics upon light
illumination, and the directionality of the rectification can be reversed by increasing the ambient temperature to a few degrees.
Furthermore, a strong suppression of the current upon increasing voltage, that is, the quasi-negative differential resistance, is
observed when the microscale KTN is half-enclosed by the EGaIn electrode. Our results show that trapping/detrapping of carriers
affected by the crystal size and the ambient temperature is the dominant physical mechanism for these observations. These results
not only facilitate a better understanding of charge transport through the microscale ferroelectric crystals but also advance the design
of miniaturized hybrid devices.

KEYWORDS: switchable rectification, current suppression, charge trapping and detrapping, potassium tantalate niobate crystal,
eutectic gallium indium electrode

■ INTRODUCTION

Recently, ferroelectric junctions have attracted intensive
attention for potential applications in next-generation memory
devices,1−5 switchable diodes,6 and electro−optical modula-
tors.7 Potassium tantalate niobate (KTa1−xNbxO3, KTN)
crystal as a ferroelectric material has also attracted considerable
attention due to its potential applications in functional
optoelectronic devices on the basis of its unique character-
istics,8−10 such as giant piezoelectric coefficients,11,12 large
electro-optical effects,13,14 adjustable polar nanoregions, and
the electrocaloric effect.15 However, the electrical properties of
KTN particles upon light illumination have been rarely studied.
To better understand the device performance and make the
best use of the KTN crystals, it is essential to understand the
optoelectrical properties of microcrystals, which may differ
from the properties of bulk crystals. So far, it is still a challenge
to probe the rigid micro/nanoscale crystals with a stable/tight
contact without mechanical damage/scratches to the sample.
Scanning tunneling microscopy (STM) is a powerful technique
to be employed for probing the electrical properties of
microscale/nanoscale crystals, while the sample surface
scratching by the rigid STM tip should be carefully avoided.16

Sputtering or evaporating a metal layer as the top electrode is
frequently used for the contact of bulk/film crystals.17

However, the method of sputtering/evaporating a metal layer
is not suitable for microscale crystals (especially for those

particles with an irregular shape) because the top and bottom
electrodes may be short-circuited during the metal evaporation
process.
To address this technical problem, a soft liquid metal

(EGaIn) electrode18−25 was exploited to probe the electrical
properties of microscale KTN crystals. The adaptive
deformation of the EGaIn electrode makes it feasible to
establish a stable/tight electrode/crystal with varied contact
geometries without mechanical damage to the samples.26 By
taking the advantages of EGaIn electrodes, the optoelectrical
properties of both large and small KTN crystals were studied.
Two interesting phenomena, that is, temperature-controlled
rectification and contact area-mediated carrier transport in
microscale KTN junctions, were reported for the first time.
Rectification with unidirectional electric current flow, that is,

one direction current is allowed and the opposite current is
suppressed, is an indispensable element in modern elec-
tronics.27−29 Normally, the rectifying direction is fixed as far as
the device is fabricated. Lee et al. reported a switchable
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ferroelectric diode in which the directionality of the diode can
be reproducibly switched by applying large external electric
voltage pulses (poling voltage) to reverse the ferroelectric
polarization.6 Here, we report that the rectification direction of
microscale asymmetric EGaIn−KTN−Au junctions can be
reversed just by increasing the ambient temperature to a few
degrees above the room temperature with a completely
different operating mechanism.
The phenomenon of the decrease of current with increasing

voltage is known as the negative differential resistance (NDR)
effect,30,31 which has attracted tremendous attention because it
is one of the primary elements for nanoelectronic applications
in low-power memory devices32 and logic circuits,33,34 high-
frequency oscillators,35 and high electron mobility transis-
tors.36 Here, a quasi-NDR behavior, that is, the current is
strongly suppressed but not decreases upon increasing voltage,
is observed as the contact area is largely increased by
compressing the symmetric EGaIn−KTN−EGaIn junction. It
is revealed that the current suppression should mainly originate
from the carrier trapping/detrapping processes due to the
increase of surface defects by the extended area of the
electrode contract. Our study provides a method to mediate
the carrier transport through microscale KTN via the control
of contact geometries. The two findings and corresponding
analysis indicate that the interface between microscale KTN
and the electrode plays an important role in determining the
performance of the devices, which may help in the fabrication
of next-generation memory devices or other vital devices in
dealing with the interface issue.

■ RESULTS AND DISCUSSION

Crystal Size Effect on Photocurrent in KTN Junctions.
Figure 1 shows the experimental setup for the junction

formation and the electrical measurements under laser
illumination. To form an asymmetric EGaIn−KTN−Au
junction, a piezo actuator with a nanometer precision is used
to control the movement of the bottom gold electrode. The
microscale KTN crystal above the bottom electrode is
obtained by crushing a bulk KTN crystal (Figure S1). The
EGaIn electrode with a conical tip is fixed on the bracket as a
top electrode. The fabrication of an EGaIn conical tip covered
with a spontaneously formed ultrathin GaOx layer37 can be
found in Figure S2 and Video S1. The formation of the
EGaIn−KTN−Au junction is monitored by two orthogonally
aligned microscopes (Figure S3 and Video S2).
To test the photoresponse of microscale KTN, four power-

adjustable lasers are used as stimulation sources (Figure
S4A,B). No obvious photocurrent is observed when KTN is
illuminated by the lasers of 450, 532, and 660 nm. In contrast,
a large photocurrent response is observed when the KTN is
illuminated by a 405 nm laser and the photocurrent increases
linearly with the power of the laser (Figures 1B and S4C). It is
reasonable because the purple light (∼405 nm) with a higher
photon energy (∼3.1 eV) has high possibility to excite the
electrons from the KTN valence band to the conduction band
to generate free carriers.38 This observation agrees well with
the measurements of transmission spectra of KTN. The
transmittance is approximately 25% for the 405 nm laser but
increases rapidly to a value higher than 65% for the 450 nm
laser (Figure S4D).
The photocurrent responses of the KTN particles with two

different sizes (∼50 and ∼200 μm in diameter) are shown in
Figure 1C,D, respectively. It can be found that the photo-
current decreases sharply to zero for both sizes of the crystal as
the light is turned off. The smaller-sized and larger-sized KTN
particles show a significantly different photocurrent response
upon light illumination. The photocurrent increases sharply to

Figure 1. Real-time photocurrent response of KTN junctions. (A) Schematic of the experimental setup. The EGaIn−KTN−Au junction is formed
by raising the bottom electrode via piezo control. (B) Electrical measurement of the junctions upon light illumination with a small or a large KTN
particle. A considerable current is observed as the junction is illuminated with a purple laser (405 nm). (C) Photocurrent response of small (∼50
μm) and (D) large-size (∼200 μm) KTN particles upon 405 nm laser (3 mW) illumination under a fixed bias voltage (10 V).
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a maximum value followed by a decay upon light illumination
for the small-size KTN, as shown in Figure 1C. In contrast, for
the large size, KTN the photocurrent increases slowly to a
maximum value upon the light illumination, then decreases
sharply to zero as the light is turned off, as shown in Figure 1D.
We attribute these results to the factor that the applied electric
field in small-size KTN is much larger than the one in large-
size KTN. Under a large electric field, the photogenerated
carriers will be separated more efficiently leading to a fast
increase of the current, followed by a decay due to carrier
recombination. In contrast, the photogenerated electron−hole
pairs cannot be separated efficiently under weak fields in large-
size KTN, thus the electrons and holes have high possibility to
recombine again, which results in a slow increase of the
photocurrent.
Upon the same bias voltage, the current passing the small-

size crystal is larger than the one passes the large-size KTN
even though the number of photogenerated carriers in large-
size KTN is greater than the one in small-size KTN, as
presented in Figure 1C,D. We attribute this observation to the
facts: (1) the electrical field strength in small-size KTN is
larger than the one in large-size KTN as mentioned above. The
photogenerated carriers will be separated more efficiently
under the larger electric field, which will lead to a larger current
for small-size KTN;39−41 (2) The electron−hole transport
length in large KTN is longer than the one in small-size KTN.
The long transport length will make the photogenerated carries
highly probable to be recombined before they are collected by
the electrodes, which may lead to a decrease of the
photocurrent.42,43 A similar experiment is performed, which
shows that the current obviously decreases when the thickness
of the KTN and the applied voltage are increased by
approximately 100% simultaneously to maintain the strength
of the electrical field. A further experiment shows that only a
negligibly low current (∼0.1 nA @ ±10 V) is observed under
light illumination (405 nm, 3 mW) when a bulk KTN crystal is
employed with a thickness of 1 mm (Figure S5).

Reversible Rectification Mediated by Ambient Tem-
perature. The electrical measurement system under light
illumination combined with a temperature control system is
schematically illustrated in Figure 2A. A resistance heating wire
is buried under a mica sheet (100 μm in thickness) on which
an Au layer is evaporated. The local temperature will increase
when a voltage is applied to the resistance wire. The
temperature near the junction is measured using a
thermometer, and the two-dimensional (2D) temperature
distribution around the whole junction is mapped using a
thermal infrared imager (Figure S6). All the double sweep
current−voltage (I−V) curves at different temperatures show a
hysteresis characteristic, as presented in Figure 2C−E, which
can be attributed to the effect of spontaneous polarization of
the ferroelectric material.
Instead of hysteresis, we focus on the rectification behavior

of the microscale KTN at different temperatures. Here, the
rectification ratio is defined as: R = I(+V)/I(−V), where I(+V) is
the current under positive bias and I(−V) is the current under
counterpart negative bias. It is found that the R value varies
from ∼20 to ∼0.1 when the temperature increases from 20 to
40 °C under large bias voltage, as summarized in Figure 2B.
Notably, the photocurrent is very small and the rectification
ratio shows large fluctuation at small bias. Therefore, the
rectification ratio at 2 V is not plotted in Figure 2B. At the
initial room temperature (20 °C), the overall current at a
negative bias is strongly suppressed, which results in that the
negative current is much smaller than the positive current (R ∼
20), as shown in Figure 2C.
This negative current is strongly enhanced by more than an

order of magnitude as the temperature increases from 20 to 30
°C, while the positive current mainly remains unchanged. The
I−V curve is approximately symmetric (R ∼ 1) at 30 °C, as
shown in Figure 2D. The negative current is further enhanced
by an order of magnitude as the temperature increases further
from 30 to 40 °C, resulting in a reversed rectification (R ∼
0.1), as shown in Figure 2E. Such temperature-influenced

Figure 2. Characterization of photogenerated carrier transport through the EGaIn−KTN−Au junction at different temperatures. (A) Schematic of
the temperature controlling system for the junction integrated with a fiber laser illumination system. (B) Rectification ratio of the KTN junction at
different temperatures. The error bar is calculated based on five repeated measurements. (C−E) I−V curves during double voltage sweep measured
at 20, 30, and 40 °C, respectively. The numbers show the sequence of the voltage sweep process, the red/blue arrows indicate the forward/
backward voltage sweep.
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rectification is observed using different EGaIn−KTN−Au
junctions with microscale KTN crystals. It is further found that
the influence of temperature on the rectification ratio depends
on the crystal size, that is, the rectification ratio for the smaller
crystal is more sensitive to the ambient temperature change
than the larger one (Figure S7).
The increase of negative current with the increase of

temperature is partly attributed to the change of spontaneous
polarization.44 Generally, the polar nanoregions (PNRs)45

occur at a temperature higher than Curie temperature (Tc),
which is determined to be −8 °C for our samples (Figure
S8A,B). Notably, the temperature range (20−40 °C) in the
experiment for the I−V characterization is above Tc. As the
temperature increases, the interaction between PNRs is
intensified and the average size of PNRs decreases, leading
to a strength decrease of the spontaneous polarization.46 The
decrease of spontaneous polarization may result in the increase
of the negative current if the negative current is suppressed by
the spontaneous polarization.
However, we argue that reversible rectification does not

originate mainly from the effect of spontaneous polarization
mediated by the temperature, based on the following
observations: (1) similar hysteresis characterization at positive
bias is observed, which is independent of the temperature; (2)
only negative current is largely changed by the temperature,
while positive current remains almost unchanged. However,
both positive and negative currents should be changed if the
spontaneous polarization is largely influenced by the temper-
ature. (3) The change of the rectification ratio strongly
depends on the crystal size, which cannot be explained by the
change of polarization mediated by the temperature.
To understand the underlying mechanism for the reversible

rectification, we plot the energy landscape of the EGaIn−
KTN−Au junction. The energy difference between the Fermi
level and the valence band of KTN is determined to be 3.1 eV

from the measurement of X-ray photoelectron spectroscopy
(Figure S8). The Fermi level of KTN is determined to be
−3.67 eV from the measurement of ultraviolet photoelectron
spectroscopy (Figure S8). Therefore, the top of the valance
band is calculated to be −6.77 eV. The band gap of KTN
between the conduction band and the valence band is 3.6 eV,38

and the Fermi level of EGaIn is −4.3 eV25,47 and the Fermi
level of gold is −5.1 eV according to the previous reports.48,49

Taking this information, the energy landscape of the EGaIn−
KTN−Au junction before contact can be figured out (Figure
3A). It is found that the Fermi levels of both the EGaIn and
the Au electrodes are lower than the one of the KTN. Thus,
Schottky contacts will be formed at the two terminal interfaces
(EGaIn/KTN and KTN/Au) when the KTN is in contact with
the electrodes (Figure 3B,C). Notably, the Schottky barrier at
the KTN/Au interface is much higher than the one at the
EGaIn/KTN interface, which turns out to be critical for the
quasi-NDR observation.
Figure 3D,E shows the electron transfers at the two

interfaces when a negative bias is applied on the EGaIn. The
microscale crystals have higher surface defect density
compared to a bulk crystal because additional defects
(dislocations) may be introduced during grinding the bulk
KTN crystal process, which leads to a poor integrity of the
crystal surface.50 Accordingly, the electrons may be trapped by
the defects when the electrons reach the KTN/Au interface
(Figure 3E). Thus, the current under negative bias will be
suppressed. Notably, the trapping/detrapping events are
strongly mediated by temperature, that is, less electrons are
trapped by the defects when the temperature is increased due
to the increased thermal energy of electrons, which makes it
easier to escape from the trapping centers51−53 (Figure 3I).
Meanwhile, as the electrons transfer from the EGaIn to KTN,
they will not be trapped regardless of the temperature due to
the energy structure (Figure 3D,H). Taking two interfaces at

Figure 3. Mechanism for the reversible rectification in the KTN junction mediated by the temperature. (A) Energy band alignment between KTN
and two electrodes before contacts. (B,C) Energy landscape of the EGaIn/KTN and KTN/Au interface under zero bias. The electron transfer at
the EGaIn/KTN and KTN/Au interfaces at low temperature when a (D,E) negative bias or (F,G) positive bias is applied to the junction. The blue
dot/red circle represents the electron/defects. The red arrow shows the electron crossover of the Schottky barrier, and the blue arrow indicates the
electron is trapped by the defects. The electron transferring at two interfaces under (H,I) negative bias or under (J,K) positive bias when
temperature is increased from 20 to 40 °C.
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the junction into consideration, the current under negative bias
will increase due to the weakening of electron trapping of the
defects when the temperature is increased. In contrast, the low
Schottky barrier in the EGaIn/KTN interface can only trap few
electrons when a positive bias is applied to the junction (Figure
3F). Therefore, the trapping events are only slightly influenced
by the temperature (Figure 3J). For another interface of the
junction, the electron will not be trapped regardless of the
temperature as the electrons transfer from Au to KTN (Figure
3G,K). Therefore, the current can remain almost unchanged
under positive bias.
Notably, the increase of temperature from 20 to 40°

represents a small energy difference. While, we argue that such
a small increase of the temperature can still lead to a large
increase of the negative current. Based on the carrier trapping/
detrapping model, we attribute it to the following factors: (1)
the detrapping of carriers is enhanced by the increased
temperature because the carriers can directly get additional
energy from the environment as the temperature increases.
This kinetic energy (the motion/mobility of carriers) will be
enhanced under large bias voltage, which will in return assist
the detrapping of carriers from the defect’s states;54 (2) the
Femi level of KTN may be changed upon an increased
temperature,55 and the corresponding shifting of the energy
alignment may lead to an easier detrapping of the carriers;56

and (3) the trap density may degrade as the temperature is
increased,57 which will result in the increase of current upon
increased temperature. Taking all the factors into consid-
eration, the detrapping of carriers may be largely enhanced and
the current under negative bias will increase when the
temperature is increased.
Another possible mechanism for the observation of temper-

ature-dependent rectification is that it originates from the
effect of the oxide layer of the EGaIn electrode. Although the
oxide layer is very thin, the oxide layer may influence the

energy alignment, shifting the Fermi level of EGaIn lower with
respect to KTN and thus preventing charge injection at
negative bias, see Figure 3D. Another effect of the oxide layer is
that the oxide layer could trap injected charges at negative bias.
However, those trap states would lie above the Fermi level of
pure EGaIn,58 and thus charge trapping would rarely occur
under positive bias. The oxide layer may be disrupted by
thermal expansion and a small amount of liquid metal may
exude from the electrode. The effect of the oxidation layer will
be eliminated when the pure exuded EGaIn contacts directly
with KTN, which will result in an increase of the current under
negative bias as the temperature is increased. This mechanism
can be employed to interpret the observation of temperature-
dependent rectification ratio successfully, while it meets
challenge to explain the electrode material-dependent
rectification behavior, that is, the rectification is not influenced
by the temperature as the Au electrode is replaced by
graphene/Ag electrodes, see Supporting Information Figures
S9 and S10. Also, it is difficult to explain quasi-NDR behavior
using this model, see below.

Contact Geometry-Controlled Quasi-NDR. To fully
understand the carrier transport through the microscale
KTN, a symmetric EGaIn−KTN−EGaIn junction is fabricated
by replacing the bottom Au electrode with another EGaIn
electrode. Figure 4 shows the I−V curves of the symmetric
junction upon laser (405 nm) illumination as the junction is
compressed by raising the bottom EGaIn electrode at a fixed
temperature (25 °C). With a close examination of Figure 4,
two features can be observed: (1) the asymmetric I−V curves
evolve to a symmetric one as the junction is compressed, see
Figure 4B,E; (2) quasi-NDR is observed when an appropriate
compression is applied and the crystals are half-enclosed by the
bottom EGaIn electrode, see Figure 4E. We attribute the
former observation to the change of the alignment between
spontaneous polarization and applied electric field and

Figure 4. I−V curves of the EGaIn−KTN−EGaIn junction under different compression. (A) Schematic relative position of the top EGaIn
electrode, KTN, and the bottom EGaIn electrode. The symbol F represents force exerted by the top electrode. Dashed lines indicate the transport
path of the carriers. (B) I−V curve of the junction at the initial position without compression force. The black arrow indicates the applied electric
field, EA, and the red arrow indicates the spontaneous polarization, EP. (C) I−V curve of the junction when compression force is increased. The
relative direction between EA and EP is changed upon the compression. The direction of spontaneous polarization and applied electric field is not
completely parallel/antiparallel. (D) Upon an increased compression force, an indentation appears on the surface of the bottom EGaIn electrode,
which increases the contact area between KTN and the bottom EGaIn electrode. (E) Quasi-NDR is observed when the applied compression force
is increased and the KTN is half-enclosed by the bottom EGaIn electrode. (F) Short circuit is observed upon a further hard compression.
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attribute the latter to the effect of additional surface defects
introduced during the compression process, see below for
details.
Because the bottom EGaIn electrode is a liquid-type metal,

the bottom EGaIn surface will undergo a deformation upon
compression, that is, the KTN particles may sink into the
surface of the bottom EGaIn electrode, as schematically shown
in Figure 4D. The applied electric field is along the vertical
direction before the EGaIn deformation, as indicated by the
dashed line in Figure 4A. When the KTN particle is half-
enclosed by the EGaIn electrode, the applied electric field is
directed upward from the bottom surface of the ball-shape
KTN to the top EGaIn/KTN point contact, as indicated by the
dashed line in Figure 4D. Depending on the detailed contact
geometry (it is normally asymmetric along the central axis line
between two electrodes), the paths of the carrier transport are
redistributed as the junction is compressed, which will change
the field alignment between spontaneous polarization and
applied electric field.
The overall current will be suppressed when the applied

electric field is antiparallel to the spontaneous polarization,
refer to the positive current shown in Figure 4B. In contrast,
the current will be enhanced when the applied electric field is
parallel to the spontaneous polarization, see the negative
current shown in Figure 4B. The effect of spontaneous
polarization on current will be reduced when the applied field
is not parallel to the spontaneous polarization (two arrows are
tilted in Figure 4C), which will result in the increase of the
positive current and the decrease of the negative current, as
shown in Figure 4B,C.
Another interesting feature is that quasi-NDR behavior is

observed, that is, the current of the junction does not increase
as the bias voltage is negatively increased under a hard
compression, as presented in Figures 4E and S11, S12. We
attribute this quasi-NDR behavior to the effect of surface
defects, which act as carrier trapping/detrapping centers. The
defects should have more probability to be involved in the
electric circuit when the junction is tightly compressed with
the increasing contact area, thus the contact area will influence
the carrier transport through the EGaIn−KTN−EGaIn
junction.

Figure 5 shows the proposed mechanism for the quasi-NDR
observation.59 When a negative bias is applied to the bottom
EGaIn electrode, the carriers overcome the Schottky barrier to
form a current (Idriven), as indicated by the red arrow in the
process ①. In this process, the surface defects do not affect the
carrier transport. However, the surface defects strongly
influence the carrier transport when the electron transfers
across the KTN/EGaIn interface as a positive bias is applied,
see process ②. In this process, the electrons will be partially
trapped by the surface defects, and parts of the electron can
pass through the barrier, as indicated by the red arrow.
Therefore, the current is suppressed under positive bias voltage
until all the trapping states are filled by the carriers,60 resulting
in a smaller current compared to the one under the negative
bias.
When a reversed voltage sweep is applied, the trapped

electrons will be released gradually from the trapping centers
resulting an additional current (Irelease), see process ③.
Correspondingly, the current increases considerably due to
the contribution by both Idriven and Irelease, as indicated by the
red arrow and blue arrow in process ③. With a close
examination of process ③, it can be found that the current is
quite small at the beginning of process ③, which is attributed to
the fact that the barrier for electron injection is high due to the
trapped electrons under positive bias (process ②). When the
electrons begin to be detrapped, a reduced barrier occurs. The
reduced barrier together with the detrapped electron will result
in the fast increase of the current, see the end part of ③.
When the detrapped electron is reduced, the fast increase of

current cannot be sustained any more, which results in a
gradual decrease of the current (quasi-NDR), see the
beginning part of process ④. When all the trapped electrons
are detrapped, the barrier for the electron injection is further
reduced, which results in a fast increase of current once more,
see the end part of process ④. Contrary to expectation, the
quasi-NDR is only observed under negative bias and no quasi-
NDR is observed under positive bias in the symmetric EGaIn−
KTN−EGaIn junction. We attribute it to the asymmetric
contact geometry, that is, the microscale KTN is in point
contact with the top EGaIn electrode but is in surface contact
with the bottom EGaIn electrode in which the considerable

Figure 5. I−V curve and the mechanism for quasi-NDR in the EGaIn−KTN−EGaIn junction. The double sweep voltage starts from −10 V and
ends at −10 V. The numbers indicate the sequence of the sweep process. The red arrows indicate the electron transport through the EGaIn−KTN
interface driven by the applied bias. Blue arrows indicate the electron trapping/detrapping process due to the surface defects, which results in the
observation of quasi-NDR. ①−④ Schematics of the electron transfer at the interface during the sweep process.
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surface defects will play an import role in determining the
carrier transport through the microscale KTN. The force-
controlled quasi-NDR behavior has a potential application in
force-related sensor and functional nanoelectronic circuits.

■ CONCLUSIONS
In summary, a method exploiting liquid metal (EGaIn) as a top
electrode is developed to study the properties of microscale
KTN crystal particles. The EGaIn can be used as a “print ink”
to produce electric circuits directly, and has wide potential
application in flexible electronic circuits. Unlike the bulk
crystals, the surface defects play a critical role in determining
the carrier transport through the microscale KTN junction.
The current under negative bias can be enhanced by two
orders of magnitude, but the current under positive bias
remains unchanged when the temperature is increased by 20
°C, which results in a reversible rectification. Additionally, a
quasi-NDR is observed in the symmetric EGaIn−KTN−EGaIn
junctions by the control of the contact geometry. The
underlying mechanism for these observations is proposed
based on the measured energy landscape, that is, the carrier
trapping/detrapping determined by the energy structure of the
junction strongly depends on the ambient temperature and
contact geometry. Our results will assist in understanding the
carrier conduction in microscale ferroelectric materials upon
light illumination, assisting to fabricate a switchable diode via
temperature control and contact area-mediated quasi-NDR
devices via force control.

■ EXPERIMENTAL SECTION
Preparation of Microscale KTN Crystals. The original bulk

KTN crystal is ordered from NTT Advanced Technology
Corporation. The KTN is ground into small particles in an agate
mortar with alcohol used as a dispersant. The KTN particles are then
put into an ultrasonic cleaning apparatus for dispersion. The dispersed
solvent is dropped on the clean Au bottom surface. The KTN crystals
with an appropriate size (50−200 μm in length) are picked up for
further investigation after the evaporation of ethanol in a vacuum
chamber at room temperature.
Photocurrent Measurements. The position and movement of

the bottom Au electrode is controlled using PiezoWalk actuators (PI,
N-111, Germany), which can move continuously in the vertical
direction with a resolution of 0.1 nm and a maximum travel range of
10 mm. The light power is measured using a light power meter
(Thorlabs PM400D). The Daheng Optics’ GCI-73M electronic timer
and series shutters are used to control the duration of light
illumination. The real-time current response upon light irradiation
is recorded using a semiconductor analyzer (B1500A, KEYSIGHT).
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■ ABBREVIATIONS

KTN, potassium tantalate niobate
EGaIn, eutectic gallium indium
NDR, negative differential resistance.
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