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down the chondrogenic pathway in response to
the microenvironment modification (Fig. 3C and

degradable hydrogels show promise as in vitro
3D cell culture platforms in which cell-material
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can be switched with external electric fields (/).
Ferroelectrics are typically highly insulating be-
cause of large band gaps (2), and any current
leakage has been considered to be a serious prob-
lem that deteriorates their functionalities (3, 4).
The relationship between electronic transport
characteristics and ferroelectric polarization has
been little studied. This is partially due to com-
plexity associated with ferroelectric domains.
In addition, leakage often occurs through ex-
tended crystallographic defects such as grain
boundaries or ferroelectric domain boundaries,
so the true bulk leakage conduction may not be
always dominant.

Switchable Ferroelectric Diode and
Photovoltaic Effect in BiFeO;

T. Choi, S. Lee,* Y. ]. Choi, V. Kiryukhin, S.-W. Cheongt

Unidirectional electric current flow, such as that found in a diode, is essential for modern
electronics. It usually occurs at asymmetric interfaces such as p-n junctions or metal/semiconductor
interfaces with Schottky barriers. We report on a diode effect associated with the direction of
bulk electric polarization in BiFeOs: a ferroelectric with a small optical gap edge of ~2.2 electron
volts. We found that bulk electric conduction in ferroelectric monodomain BiFeOs crystals is highly
nonlinear and unidirectional. This diode effect switches its direction when the electric polarization
is flipped by an external voltage. A substantial visible-light photovoltaic effect is observed in
BiFeOs diode structures. These results should improve understanding of charge conduction
mechanisms in leaky ferroelectrics and advance the design of switchable devices combining
ferroelectric, electronic, and optical functionalities.
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tion below a transition temperature. They usually
consist of a complex microstructure of domains
with different orientations of the polarization that

high-symmetry structure to a low-symmetry

Ferroelectn'cs undergo a transition from a
state with a spontaneous electric polariza-
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On the other hand, bulk photocurrent can be
induced by high-energy light illumination even
in good insulators; and directional photocurrent
without external bias [that is, a photovoltaic (PV)
effect] has been studied in ferroelectrics (5—173).
When a ferroelectric in an open circuit is illu-
minated by ultraviolet light, for example, a high
photovoltage, much larger than the band gap, has
been observed in the direction of the electric
polarization (5—8). The magnitude of this photo-
voltage is directly proportional to the crystal
length in the polarization direction. In addition, a
steady-state photocurrent can be generated in the
direction of electric polarization when a ferro-
electric under continuous light illumination forms
a closed circuit. This PV effect in ferroelectrics is
distinctly different from the typical PV effect in
semiconductor p-n junctions, and was inves-
tigated in Pb-based ferroelectric oxides (9-11)
and LiNbO;s (6, 8). However, the observed photo-
current density turns out to be minuscule—on
the order of a few nanoamperes/cm?, mainly due
to poor bulk dc conduction of the ferroelectrics
(8, 9, 11). Utilization of small-optical-gap ferro-
electrics with good carrier transport properties
and large absorption of visible light extending
into the red range is therefore a promising route
toward novel optoelectronic applications. It may,
for example, lead to increased power conversion
efficiency in solar energy applications. The origin
of the PV effect in ferroelectrics is controversial
and has been discussed in terms of extrinsic ef-
fects such as the excitation of electrons from
asymmetric impurity potentials (/2), interfacial
effects due to polarization-dependent band bend-
ing at metal-ferroelectric interfaces (9), or intrinsic
effects such as asymmetric induced polarization
through nonlinear optical processes (/3—15).

Ferroelectric BiFeO; (BFO) contains transi-
tion metal ions with unpaired d electrons. The
presence of the d electrons can result in a rela-
tively small optical gap and give rise to a high
concentration of charged impurities and defects
(16). BFO becomes ferroelectric at a critical tem-
perature (7;) = 1100 K, below which BFO
exhibits a thombohedral R3c structure with a
perovskite pseudocubic unit cell (a =3.96 A, o=
89.4°) elongated along the [111] direction that
coincides with the electric polarization vector P.
Each of our BFO crystals contained a single
ferroelectric domain (77, 18). Here we describe
the electronic transport properties of three thin
platelike BFO crystals placed between symmetric
electrodes: BFO1 (~70 pum thickness, ~2 x 2 mm?
in-plane dimension, and ~0.6-mm-diameter cir-
cular thick Au electrodes), BFO2 (~80 um thick-
ness, ~2.5 x 2.5 mm> in-plane dimension, and
~1.6 x 1 mm* semitransparent Au electrodes),
and BFO3 (~90 pm thickness, ~1 x 2 mm? in-
plane dimension, and ~0.6-mm-diameter circular
thick Ag or Au electrodes). The BFO plates are
normal to a principal axis of the pseudocubic cell,
and the “in-plane or out-of-plane” component of
the polarization is defined with respect to the
plate surface.

We found that in all investigated specimens,
there existed substantial currents that were non-
linear with applied electric field £ and also de-
pended strongly on the direction of £. The
magnitude of £ here is much less than ferro-
electric coercivity (fig. S1), so polarization switch-
ing does not occur during the £ sweep for current
density, J, versus E curves. Figure 1A shows
linear-scale J(E) curves of BFO1 at 300 and
350 K, which exhibit diodelike behavior. For
the typical p-n junction diodes, the forward cur-
rent density follows an exponential relationship
with applied voltage given by J<exp(qV/okgT),
where ¢ is the electron charge, V'is voltage, o is a
constant called the ideality factor, and kg is the
Boltzmann constant. In the range of 0.05 to 0.15
kV/cm forward bias, o is 6.3 at 300 K and 4.7 at
350 K. This large ideality factor, much larger
than the ideal value of 1 in semiconductor p-n
junctions, has been observed in perovskite-based
oxide p-n junctions, where charge trapping at
defects in the bulk seems important for transport
properties (/9). We also found that J increases
drastically with increasing temperature from
200 to 350 K as evident in the semi-log plot
of J(E) curves in the inset of Fig. 1A. In addi-
tion, the asymmetry in the J(E) curve also in-
creases with increasing 7. The rectification ratios,
defined as the ratios of the positive current di-
vided by the negative one for £=+1.3 kV/cm, at
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The diode forward and reverse directions
switch when ferroelectric polarization is uni-
formly reversed by large electric voltage pulses.
When +150-V (an E of +17 kV/cm) pulses are
applied to the top electrode of BFO3 shown in
Fig. 2A, the ferroelectric polarization points down,
as confirmed by piezoresponse force micros-
copy (PFM,; see supporting online materials and
methods) (Fig. 2B). The electric current through
the specimen is large when the current direction
is also downward; that is, the diode forward di-
rection is from top to bottom, and along the
polarization direction (Fig. 2C). When —150-V
pulses are applied, ferroelectric polarization switches
to the upward direction, and the diode forward
direction becomes from bottom to top (still along
the polarization direction). Application of +150-V
pulses restores the original configuration. There-
fore, the diode directions switch whenever ferro-
electric polarization is reversed by external pulses,
and the diode forward direction is always along
the ferroelectric polarization direction (Fig. 2C).
The application of the second set of +150-V
pulses does not completely restore the original
J(E) curve, and this incomplete restoration may
be due to complex factors such as incomplete
polarization flipping, the formation of conducting
paths, or irreversible changes in the interfacial
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Fig. 1. (A) J(E) curve of a symmetric Au/BFO1/Au structure in the dark at 300 and 350 K. A
substantial diodelike effect is evident. The inset shows semi—log-scale J(E) curves at various
temperatures. All J(E) measurements were performed by sweeping the voltage from the positive
maximum to the negative maximum in vacuum at 200 to 350 K. The applied electric fields are far
below the coercive field for polarization switching. (B) J(E) curves of the BFO2 sample in the dark
(D) and with green-light illumination on right (R) or left (L) semitransparent Au electrodes. Current
for either E direction (except very near £ = 0) increases with illumination on either side. The inset
shows an expanded view of the J(E) curves near zero bias field (E = 0). Zero-bias current flows
along the reverse direction with illumination from either direction: Left-side illumination works
better than right-side illumination for this particular setup, and the x and y axes for the right-side
illumination are expanded by a factor of 3 to clearly show the presence of the reverse-direction

current at zero bias.
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regions. In the above discussion, we consider
only the out-of-plane component of ferroelectric
polarization because of the platelike geometry
of the Ag/BFO3/Ag structure. We emphasize
that even though the simultaneous J(£) and
PFM experiments with electric pulses were per-
formed only on BFO3, the switchable J(E) curves
were observed in all specimens that we have
investigated.

The observed diodelike behavior of dc con-
duction implies a possibility of zero-bias PV
effect in BFO. Because the optical gap edge of
BFO is reported to be ~2.2 eV (20), visible light
is expected to induce substantial photocurrent.
We, in fact, found a substantial PV effect in
BFO with semitransparent Au electrodes illu-
minated with visible light [wavelength (L) =
532-nm green light and A = 630-nm red light],
with the total power density being less than
20 mW/em?.

Figure 1B depicts the J(E) curves of BFO2
with symmetric Au electrodes in green light as
well as in the dark. Green light illuminated either
left or right semitransparent Au electrodes of
BFO2 (see the experimental schematic in the
inset of Fig. 3). Illumination on either side in-
duces the increase of conductance with the direc-
tion of photocurrent after the direction of the
external bias. In other words, measurable photo-
conduction occurs with illumination. At zero bias,
the photocurrent also exists and is always nega-
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Topography °
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0.0

tive, independent from the illumination direction:
negative 0.13 pA, corresponding to reverse bias
direction 8.219 pA/cm? for the BFO2 configura-
tion with left-side illumination; and 0.013 pA, cor-
responding to reverse bias direction 0.849 pA/cm?
for the configuration with right-side illumination
(Fig. 1B, inset). This bulk photocurrent in the
absence of an external bias indicates that charge
carriers induced by light illumination move pref-
erentially along one direction; that is, there is a
PV effect in BFO2. Figure 3 shows the time
dependence of the photocurrent at zero bias in
BFO2 with the turning of a green (top panel)
and a red (bottom panel) light on and oftf. For
the first 60 min, the left electrode was illumi-
nated and for the next 60 min the right elec-
trode was illuminated. Photoconductivity was
reported in ferroelectric monodomain (111) BFO
films, but any PV effect (nonzero photocon-
ductivity at zero bias) was not discussed in the
report (21).

In principle, thermal variation induced by
visible-light illumination can contribute to the
photocurrent increase shown in Fig. 1B, but
the decrease of resistance due to a light-induced
temperature increase cannot cause the observed
negative steady photocurrent at zero bias. On the
other hand, a pyroelectric current can be gen-
erated by the change of the magnitude of ferro-
electric polarization because of the temperature
increase caused by light illumination. However,

+150 V pulse
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— |
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Forward
-150 V pulse

N —
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—@&—-150V pulse (2)
~=—=+150V pulse (3)
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Fig. 2. (A) Sketch of the setup for the simultaneous PFM and J(E) measurements on Ag/BFO3/Ag.
One hundred electric pulses with £150 V (E = 17 kV/cm) and a duration of 0.01 s were used to flip
electric polarization. J(F) was measured up to E = 2.5 kV/cm, and ac voltage of 1 V,,,s and 17 kHz
was used for PFM. (B) Topography image and out-of-plane PFM images after +150-V pulses. The
PFM signal is color-scaled. These images show that +150-V pulses induce a homogeneous state
with downward out-of-plane polarization, and —150-V pulses induce a homogeneous state with
upward polarization. (C) J(E) curves of BFO3 after +150-V, —150-V. and +150-V pulses, in se-
quence. The diode forward and reverse directions switch when the direction of out-of-plane polar-
ization (P) is reversed by +150-V pulses. The diode forward direction turns out to be the same as
the direction of electric pulses used for polarization flipping.
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this is a transient effect that occurs while the
temperature is changing, and no steady-state photo-
current is expected from the pyroelectric effect.
Thus, although the initial small spikes of photo-
current in Fig. 3 can be attributed to the pyro-
electric effect, the steady-state photocurrent in
Fig. 3 has a different origin. Consistently, when
the light is switched on, the photocurrent in-
creases suddenly to a transient maximum before
reaching a steady state. The transient component
with green light is ~6% of the steady-state photo-
current, and the time constant associated with the
transient component is ~15 s. The transient com-
ponent with red light is ~25% of the steady-state
photocurrent and the time constant is ~60 s. The
steady-state photocurrent density is ~7.35 pA/cm®
under green light illumination on the left side.
This value is much larger than the 2.6 nA/cm®
observed under red light illumination, indicating
that the photoexcited charge carriers across the
bulk optical gap of ~2.5 eV contribute to the PV
effect in BFO. Finally, because our BFO crystals
are conducting, an equilibrium temperature gra-
dient generated by continuous light illumination
on one side of BFO can produce a steady current
due to thermoelectric power voltage. However,
this effect should produce an opposite-direction
current when the light-illumination direction is
changed from one side to the other of the BFO
crystal. Our zero-bias photocurrent direction is
always fixed, independent of the light-illumination
conditions, which is inconsistent with the ther-
moelectric power scenario. On the other hand,
the thermoelectric power effect may contribute to
the asymmetry in the magnitude of the photo-
current with different-side light illumination, which
turns out to be substantial in BFO2. Obviously,
any uncontrolled asymmetry in the electrode
configuration or light-illumination conditions can
also contribute to the left-right asymmetry in the
magnitude of the photocurrent.

A linear polarizer was placed between the
light source and BFO2 to measure the effect of
light polarization on the PV effect (Fig. 4, inset).
The angle 6 between the in-plane component of
ferroelectric polarization (determined by in-plane
PFM) and the electric field vector of linearly
polarized light was varied by 360°. The change
of the photocurrent at zero bias with 0, shown in
Fig. 4 with blue circles, closely follows a sinus-
oidal form with a periodicity of 180°. The max-
imum of photocurrent was observed when the
polarized-light electric field was along the in-
plane ferroelectric polarization, and the current
was minimal when the light electric field was
perpendicular to the in-plane ferroelectric polar-
ization. After the initial rotation experiment, the
polarizer was rotated by 90°, and lighting con-
ditions were readjusted for an optimum photo-
current. The change of photocurrent (green circles)
with 0 after this polarizer rotation is similar to the
one before rotating the polarizer, except for a 90°
phase shift of 6. This demonstrates that the re-
producible angular dependence is not due to any
artifact of our optical setup.
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The above observations shed light on the
origin of the PV effect in BFO. The sinusoidal
behavior of the photocurrent at zero bias ob-
served in the polarized-light rotation experiment
is consistent with a nonlinear optical effect sce-
nario (/3). When a ferroelectric is under intense
light illumination, the second-order optical response
combined with a linear term is well known to in-
duce an asymmetric polarization, which can result
in an optical rectification effect (14, 15). It was
proposed that the asymmetric induced polariza-
tion can also give rise to a dc rectification-like
effect such as a PV effect. This effect is supposed
to be maximal when the polarized-light electric
field is along the ferroelectric polarization and
follows a sinusoidal angular dependence. This
second-order optical response is an intrinsic bulk
effect, and therefore it should not be sample-
dependent. However, we found a noticeable
variation in the magnitude of the rectification

and PV effects in different samples, suggest-
ing the importance of impurities and defects
with respect to the transport mechanism. The
space charge-limited conduction suggested in
the diode behavior (figs. S2 and S3) is also
consistent with the importance of impurities
and defects. Any polarization-related asymmetry
of impurity potentials can render the photo-
current sensitive to the orientation of light po-
larization, probably in a sinusoidal manner (/2).
Simple polarization-dependent band-bending
at the metal/BFO interfaces probably does not
produce the observed directional dependence.
In addition, we found little difference between
the effects of Ag and Au electrodes on the di-
ode effect (fig. S4), suggesting no major contri-
bution from the band-bending at the metal/BFO
interfaces. On the other hand, the contribution
of impurities and defects coupled with the band-
bending or the second-order optical response to

Fig. 3. The zero-bias 9
photocurrent density as
a function of time with
(top) green light (\ =
532 nm) or (bottom)
red light (A = 650 nm)
on or off, shining on
the different sides of
BFO2 (a sketch is shown

L :R

EEEEEEEEEE NN

in the inset). The total
light power was <3 mW,
and the short-circuit pho-
tocurrent was measured
every 100 ms. The cur-
rent with the light off

3x10°°

SEEEEEEEEEEEEE 0

decreased to <~0.1 pA.
Illumination from either
side results in the same-

1
40 60
lllumination time (min)

direction zero-bias photocurrent, unambiguously demonstrating the PV effect in ferroelectric BFO. The
large difference in the magnitude of photocurrent between green- and red-light illumination indicates
that photoexcited carriers across the bulk optical gap (~2.5 eV) dominate the PV effect. The observed
right-left asymmetry may result from a thermoelectric power effect and/or uncontrolled asymmetries in

the experimental configuration.

Fig. 4. The variation of
photocurrent with sam-
ple rotation under illu-
mination with a linearly
polarized light. The ex-
perimental sketch is shown
in the inset. The PV effect
becomes maximum when
the polarized-light electric
field is parallel to the in-
plane component of the
ferroelectric polarization,
and minimum when the
field is perpendicular to

Photocurrent variation (%)

Polarizer

the in-plane component. | 0 o} P °\ aglll* ] 3 °
9 b 39 W o
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0 90 180 270 360

Sample rotation angle (6)

photocurrent can be influenced by the orientation
of polarization.

We report here that single—ferroelectric-
domain BFO crystals exhibit a diodelike effect.
The forward direction of the diode is determined
by the direction of the electric polarization, and
the directionality of the diode can be repro-
ducibly switched by large external electric fields.
Associated with the diode effect, a substantial
zero-bias PV current is induced by visible light.
Further study of these effects, such as experi-
ments involving electrodes with different conduc-
tors or controlled doping levels and spectroscopic
studies of metal/BFO interfaces, will be necessary
to unveil their true origin. The observation of
switchable diode and photovoltaic effects in BFO
reveals unusual and intriguing charge conduction
behavior in leaky ferroelectrics, and should ad-
vance studies of BFO-based multifunctional
devices.
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