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Domain-wall nanoelectronics has attracted extensive attention since the discovery of conductive domain
walls, where domain-wall p-n junctions are indispensable for device applications. Here, we report on the
fabrication of a domain-wall p-n junction based on n-type and p-type conductive domain walls in an
x-cut lithium niobate thin film on an insulator using a lateral-electric-field poling technique. The electron
and hole mobilities in the n-type and p-type domain walls are measured to be 337 and 93 cm2 V−1 s−1,
respectively, more than 400 times higher than those in the parent bulk crystal. The successful fabrication
of a domain-wall p-n junction with large electron and hole mobilities in the domain walls makes lithium
niobate on an insulator a promising platform for domain-wall nanoelectronics and optoelectronics.
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I. INTRODUCTION

A ferroelectric domain wall (DW) is an ultrathin
interface between two ferroelectric domains with differ-
ent polarizations [1]. DWs can be intentionally created,
moved, and erased under external fields [2,3], and can
have very different properties from their parent materials;
therefore, they are attracting extensive attention from both
fundamental and technical points of view [1,4,5]. Although
the parent material itself is insulating, charged DWs,
formed due to a discontinuity in the spontaneous polariza-
tion Ps at the DW, have been found to be conductive in
various materials, such as BiFeO3 [6,7], Pb(Zr0.2Ti0.8)O3
[8,9], BaTiO3 [10], ErMnO3 [11], HoMnO3 [12,13], and
LiNbO3 [14,15], to mention just a few. In general, a DW is
ultrathin, on the nanometer scale [16–18]; therefore, a con-
ductive domain wall (CDW) forms a nanoscale conducting
channel embedded in an insulating background, which is
promising for nanoelectronics. Potential applications such
as resistive switches [19,20] and memories [21–23] have
been demonstrated based on CDWs. It is well known that
the p-n junction is an indispensable fundamental element
in modern optoelectronics. While the concept of p-n junc-
tions along ferroelectric domain walls was employed by
Zhang et al. [24] to explain the anisotropic polarization-
induced conductance at the interface of a BiFeO3-TbScO3
heterostructure, up to now, a direct demonstration of a
p-n junction is still lacking in DW nanoelectronics and
optoelectronics.

Ideally, lithium niobate (LiNbO3, LN) has 180◦ kink-
type DWs, but in practice an inclination angle θ of the
DW with respect to the spontaneous polarization Ps can be
created, resulting in a bound charge density proportional
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to 2Ps sin θ . A DW can be conductive with a nonzero
inclination angle θ [14,15,20,25–29], where the bound
charges in the DW are compensated for by free conduct-
ing electrons or holes, since there are no mobile ionized
donors or defects at room temperature in LN [30,31]. Both
“head-to-head” and “tail-to-tail” DWs have been observed
experimentally; in most cases only the conductivity in
the head-to-head DWs has been found to be significantly
increased by several orders of magnitude as compared
with that of a bulk single-domain crystal [5,15,20,25,28],
unlike the tail-to-tail DWs, which usually exhibit insulat-
ing behavior [20,25,28], most probably due to the small
inclination angle, as predicted theoretically by Eliseev
et al. based on the Landau-Ginzburg-Devonshire theory
[32]. It is known that the key to control the conductivity
of CDWs in LN is controlling the inclination angle of the
DWs [32], which is of essential importance for understand-
ing the charge transport properties and for device design.
However, up to now, it is still challenging to precisely
control the inclination angle of a single DW, and in most
cases the inclination angle is small and less than approxi-
mately 5◦ [15,20,25,27,29]. An inclination angle θ = 20◦
was reported in a head-to-head DW [28], and samples with
head-to-head DWs with an inclination angle θ = 90◦ were
also prepared by heating the crystal close to the Curie tem-
perature of LN (approximately 1100 ◦C), followed by a
slower cooling-down process [33,34], but the DW qual-
ity was not good enough to increase the conductivity as
expected [34]. In addition, the polarity of the conducting
majority carrier in DWs in LN has not yet been identi-
fied directly, which is also of fundamental importance in
the context of the charge transport behavior in DWs and
practical applications of DW-based devices.

In this paper, we propose a lateral-electric-field poling
scheme to fabricate head-to-head and tail-to-tail CDWs
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with an arbitrary predesigned inclination angle on x-cut or
y-cut LN thin films on an insulator (LNOI). The conduct-
ing majority carriers in the head-to-head and tail-to-tail
CDWs are identified to be electrons and holes, respec-
tively, through Hall measurements. The electron and hole
mobilities in the CDWs in LN are found to be within
the range for typical wide-band-gap semiconductors. Most
importantly, a p-n junction, the fundamental element of
optoelectronic devices, is fabricated successfully based on
CDWs in LNOI with perfect rectifying features, which
paves the way for practical DW nanoelectronic and opto-
electronic devices based on LNOI.

II. CHARACTERIZATION OF DW CONDUCTION
PROPERTIES

A. Preparation of head-to-head and tail-to-tail DWs

We use a lateral-electric-field poling scheme to fabri-
cate head-to-head and tail-to-tail DWs in x-cut or y-cut
LNOI. The x-cut LNOI samples (commercially available
from NANOLN, Jinan, China) have a layered structure
composed of a 600-nm x-cut LN thin film (doped with
5.0 mol% MgO), a 2-μm silica layer, and a 500-μm LN
substrate that are bonded in sequence [35]. The sponta-
neous polarization Ps of the x-cut LN thin film lies in
the surface plane of the sample. To invert the spontaneous
polarization in the x-cut LN thin film, we deposit a set of
interdigital electrodes on the top surface of the LN film
by employing a lithographic magnetron sputtering tech-
nique. Figure 1(a) shows a schematic diagram of typical
interdigital electrodes on the LNOI surface, and Fig. 1(b)
shows an enlargement of a typical unit cell composed of
a pair of electrodes, in which the gap between the two
electrodes a and b is d, and the width of both electrodes
is we. The crossing angle between Ps and the long edges
of the electrodes a and b, i.e., the inclination angle of the
DW, is θ , so that when one applies an external electric
field Ep to the interdigital electrodes with the electrodes
a and b being the positive and negative electrodes, respec-
tively, the effective in-plane poling field required to invert
the spontaneous polarization of the x-cut LN thin film is
Ep sin θ , i.e., the external field component antiparallel to
the spontaneous polarization Ps. It has been reported that,
for a z-cut LN crystal with a MgO doping concentration of
5.0 mol%, the coercive field is around 4.5 kV mm−1 [36].
However, we find that, for the case of x-cut LNOI with
the lateral-electric-field poling scheme, the in-plane pol-
ing field required to invert Ps within the surface plane is
around 40 kV mm−1, much higher than that for z-cut LN.
This is mainly due to the fact that the x-cut LN thin film
is bonded to the underlying silica layer, which impedes
domain inversion. The strong poling field also ensures
complete domain inversion throughout the depth of the
LN thin film, in good accordance with a previous report
[37]. With the interdigital electrodes shown in Fig. 1(a)
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FIG. 1. Preparation of head-to-head and tail-to-tail DWs in
x-cut LNOI. (a) Schematic diagram of the experimental setup to
pole x-cut LN with a set of 500-nm-thick Cr interdigital elec-
trodes deposited on the top surface of the LNOI. The purple
areas are inverted domains with a spontaneous polarization Ps
antiparallel to the original polarization of the x-cut LNOI. (b)
Enlargement of unit cell shown in (a), forming a typical p-i-n-
type p-n junction. (c) PFM phase image of periodically poled
x-cut LNOI with θ = 45◦. The period of the periodically poled
LNOI is 30 μm, and the width of the inverted domain is 8 μm.
(d) Phase profile of the periodically poled LNOI along the white
dashed line in (c).

and appropriate polarity of the poling field, Ps of the purple
area in Figs. 1(a) and 1(b) is inverted (details of the poling
can be found in the Appendix), and the DW is located just
along the long edge of the electrodes, as also confirmed by
the piezoresponse-force-microscopy (PFM) images of the
domain pattern shown in Figs. 1(c) and 1(d). In this way,
both head-to-head and tail-to-tail DWs with an arbitrary
predesigned inclination angle θ can be precisely fabricated.
Similar results can also be obtained for the y-cut LNOI
samples, but the following results are mainly based on the
x-cut LNOI.

The lateral-electric-field poling scheme for fabricating
CDWs in x-cut and y-cut LNOI has the following advan-
tages. First, one can produce both head-to-head and tail-to-
tail CDWs with enhanced n-type and p-type conductivity,
as we show in Sec. II B, and the inclination angle of both
types of CDW can be precisely controlled to an arbi-
trary predesigned value up to 90◦. Second, all electrodes
are in-plane and are deposited on the top surface of the
LNOI, which is easy to operate on, and complicated DW-
based optoelectronic devices or circuits can be designed
conveniently. Third, a bottom electrode, which is usually
required in the domain inversion of z-cut LNOI, is avoided.
This is beneficial for photonic applications because the
bottom metal electrode usually has strong light absorption,
resulting in a large light-propagation loss.

B. Measurement of DW conductivity

The electrical conductivity of the head-to-head and
tail-to-tail CDWs is measured using the experimental setup
schematically shown in Fig. 2(a). Here, we prepare 20 pairs
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FIG. 2. Measurement of the I -V curves of head-to-head and
tail-to-tail CDWs. (a) Schematic diagram of the experimental
setup to measure the I -V curves of the CDWs. (b),(c) Measured
I -V curves of 20 parallel-connected head-to-head CDWs and 20
parallel-connected tail-to-tail CDWs, respectively, for different
inclination angles with sin θ = 0.8 and 1.0. The error bars are the
standard errors of the measurement data, and the lines are linear
fits to the experimental data in both cases.

of head-to-head and tail-to-tail CDWs using the interdigi-
tal electrodes to pole the x-cut LNOI, as described above in
Sec. II A, showing the high efficiency and reproducibility
of the poling technique. Then, the interdigital Cr electrodes
are removed using a Cr etchant, while the LN film is unaf-
fected, since LN is immune to the Cr etchant. After that,
pairs of new 300-nm-thick Cr electrodes, each pair of elec-
trodes covering the same CDW, as shown in Fig. 2(a), are
deposited on the surface of the periodically poled x-cut
LNOI. For the head-to-head CDWs, the gap between the
positive and negative electrodes L is set to 7 μm, while the
electrode gap for the tail-to-tail CDWs is set to L = 3 μm.
This is because the conductivity of the tail-to-tail CDWs
is found to be much smaller than that of the head-to-head
CDWs, and a smaller electrode gap is beneficial for obtain-
ing a larger current. The current-voltage (I -V) curves of
the CDWs are then measured with an ammeter (Keithley
6517A), which also provides the applied electrical voltage.

Figures 2(b) and 2(c) show the measured I -V curves for
20 parallel-connected head-to-head and tail-to-tail CDWs,
respectively, for different inclination angles θ . One sees
that the I -V curves exhibit a double-sided slightly diode-
like behavior for both types of CDWs, indicating that the
Cr-LN contact is not perfectly Ohmic. The I -V curves
are linear in the voltage range beyond the central double-
sided diodelike area, from which the DW conductivity
is calculated through the formula σe,h = SI -VL/(mSDW) in

(a) (b)
p-typen-type

FIG. 3. Measurements of the DW conductivity (a) σe for the
head-to-head CDWs and (b) σh for the tail-to-tail CDWs, for
different inclination angles θ . The error bars are the standard
errors of the measurement data, and the lines are linear fits to
the experimental data in both cases.

both cases, where SI -V is the slope of the I -V curve in
Fig. 2(b) or 2(c) far away from the central double-sided
diodelike part, L is the gap distance between the two
electrodes, m = 20 is the number of CDWs connected in
parallel, and SDW is the cross-sectional area of a single
CDW, equal to the product of the CDW width wDW =
10 nm [15,18] and the CDW depth dDW = 600 nm. For
example, the conductivity is measured to be σe = 1.36 ×
10−4 �−1 cm−1 for the head-to-head CDWs and σh =
2.93 × 10−6 �−1 cm−1 for the tail-to-tail CDWs when the
inclination angle θ is set to 90◦. One sees that the DW
conductivity, for both the head-to-head and the tail-to-
tail DWs, is enhanced by at least 6 orders of magnitude
compared with that of the parent single-domain MgO-
doped LN thin film, which is lower than 10−12 �−1 cm−1,
the accuracy of our measurement system. Note that the
successful fabrication of tail-to-tail DWs with enhanced
conductivity benefits from the capability to fabricate DWs
with a large inclination angle θ . In previous reports, the
inclination angle of the tail-to-tail DWs was too small to
have an enhanced conductivity, due to the low concentra-
tion of conducting holes [29,32].

The dependence of the DW conductivity on the inclina-
tion angle θ is shown in Figs. 3(a) and 3(b). As expected,
the conductivity increases linearly with an increase in
sin θ , in good agreement with the theoretical prediction for
the DW conductivity in LN crystals [32].

C. Hall measurement

It is well known that there are no mobile ionized donors
or defects at room temperature in LN [30–32]; therefore,
electrons and holes are the conducting majority carriers in
head-to-head and tail-to-tail CDWs, respectively, in LN.
This is confirmed experimentally by Hall-measurement
results. Figure 4 shows a schematic diagram of the exper-
imental setup to measure the Hall voltage of the CDWs.
Here, we prepare 20 head-to-head CDWs and 20 tail-to-tail
CDWs, using the lateral-electric-field poling technique and
the poling setup shown in Fig. 1(a). Then, the interdigital
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FIG. 4. Schematic diagram of the experimental setup to mea-
sure the Hall voltage of CDWs. Here, B is the externally applied
magnetic field, and Ic is a constant current provided by the Keith-
ley 6221A instrument. The inset shows the x-y cross-sectional
plane parallel to the CDW, which illustrates the mechanism of
the use of the Hall effect to determine the polarity of conducting
majority carriers. Here, Fm, Fq, and v are the Lorentz force, the
Coulomb force, and the velocity of conducting majority carriers,
respectively.

Cr poling electrodes are removed using the Cr etchant,
while the LNOI is unaffected by the Cr etchant. After that,
two 300-nm-thick Cr electrodes with a gap distance of
20 μm are deposited on each head-to-head (or tail-to-tail)
CDW, and all head-to-head (or tail-to-tail) CDWs are con-
nected in parallel. An additional Cr electrode, with a width
of 10 μm, covering all head-to-head (or tail-to-tail) CDWs
is deposited in the middle of two lateral electrodes to mea-
sure the Hall voltage. A magnetic field B is applied along
the z axis of the experimental coordinates, with +B being
along the +z axis and −B being along the −z axis, and a
constant current Ic provided by the Keithley 6221A instru-
ment is injected into the parallel-connected CDWs in the
+y-axis direction. The inset shows the x-y cross-sectional
plane parallel to the CDW, which illustrates the mecha-
nism of the use of the Hall effect to determine the polarity
of the conducting majority carriers [38], where Fm, Fq, and
v are the Lorentz force, the Coulomb force, and the veloc-
ity of the conducting majority carriers, respectively. With a
magnetic field B along the +z axis and an injected current
Ic along the +y axis, electrons should be the conducting
majority carriers in the CDW if the Hall voltage VH is neg-
ative, while holes are the conducting majority carriers if
the Hall voltage is positive.

Figure 5 shows the measured dependence of the Hall
voltage VH on the externally applied magnetic field B for
both the head-to-head and the tail-to-tail CDWs with an
inclination angle θ = 90◦. Here, the magnetic field B is
applied along the +z axis, a constant current Ic is injected
into 20 parallel-connected CDWs along the +y axis, and
the Hall voltage VH is measured in the x-axis direction of
the experimental coordinate system shown in Fig. 4. When
the top surface of the x-cut LNOI in Fig. 4 is negatively
charged, the Hall voltage VH is negative, and electrons are
the conducting majority carriers. When the Hall voltage
VH is positive, holes are the conducting majority carriers.
In addition, we confirm experimentally that the polarity

FIG. 5. Dependence of the Hall voltage VH on the magnetic
field B with a constant current Ic for the head-to-head and tail-
to-tail CDWs. Here, 20 parallel-connected head-to-head (or tail-
to-tail) CDWs with an inclination angle θ = 90◦ are prepared.
The constant current Ic is injected into the 20 parallel-connected
CDWs. The lines are linear fits to the measurement data, and the
error bars are the standard errors of the measurement data.

of the Hall voltage is reversed when the direction of the
magnetic field is reversed while the constant current is
kept unchanged. These results clearly demonstrate that the
head-to-head CDWs have n-type conductivity and the tail-
to-tail CDWs have p-type conductivity. For comparison,
we also try to perform a Hall measurement on the parent
LN film itself but do not get any reliable signal, because
the conductivity of the parent LN film is too small (less
than 10−12 �−1 cm−1).

One can also obtain the concentration of conduct-
ing electrons ne (or holes, nh) in the n-type (or p-type)
CDWs from the Hall-measurement results through the
formula ne,h = Ic/(qmSH wDW), where q is the elemen-
tary charge of electrons and holes, m is the number of
parallel-connected CDWs in the Hall-voltage measure-
ment, SH = VH/B is the slope of the VH -B curves in Fig. 5,
and wDW is the width of a single CDW. By substituting
the experimental parameters m = 20, Ic = 0.43 nA, SH =
5.33 mV T−1, and wDW = 10 nm [15,18] into the formula,
the conducting-electron concentration ne is calculated to be
2.52 × 1012 cm−3 in the n-type CDWs. Similarly, by sub-
stituting the experimental parameters m = 20, Ic = 42 pA,
SH = 6.65 mV T−1, and wDW = 10 nm into the formula,
one can obtain the conducting-hole concentration nh =
1.97 × 1011 cm−3 in the p-type CDWs.

Furthermore, one can also estimate the mobility of elec-
trons (μe) and holes (μh) in the n-type and p-type CDWs,
respectively, via the formula μe,h = σe,h/(qne,h). For exam-
ple, for the cases of n-type and p-type CDWs with an
inclination angle θ = 90◦, and with the measured σe =
1.36 × 10−4 �−1 cm−1, ne = 2.52 × 1012 cm−3, σh =
2.93 × 10−6 �−1 cm−1, and nh = 1.97 × 1011 cm−3,
the electron and hole mobilities are calculated to be
μe = 337.30 cm2 V−1 s−1 and μh = 92.96 cm2 V−1 s−1,
respectively, which are more than 400 times larger than
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the electron mobility of 0.8 cm2 V−1 s−1 in reduced bulk
LN crystals [39], and are within the range for typical wide-
band-gap semiconductors. Note that the DW conductivity
in LNOI is dependent not only the DW inclination angle θ

but also on defects, including stoichiometry-related intrin-
sic defects and dopant-related extrinsic defects, and their
concentrations in the LN thin film. For example, doping
the film with Mg2+ ions increases the electrical conductiv-
ity of LN due to a decrease in antisite defects NbLi, which
act as electron acceptors [30,31,40]. Especially, it is feasi-
ble to improve the p-type DW conductivity by doping LN
with nitrogen [41,42]. Similarly to the case of the semi-
conductor Si, a lot of work is necessary to optimize the
DW performance and to find the most appropriate dopant
and stoichiometry for specific device applications.

III. p-n JUNCTION

The capability to produce both n-type and p-type CDWs
in the same x-cut LNOI, no matter whether the parent
LNOI is n-type or p-type, makes the fabrication of p-n
junctions possible. Indeed, the unit cell shown in Fig. 1(b),
composed of a p-type CDW, an intermediate thin region of
LN with a width d, and an n-type CDW, forms a typical
p-i-n-type p-n junction [43]. It should be noted that, for
a DW p-n junction, the polarity of the majority carriers in
the DW is determined by and opposite to the polarity of the
bound charges induced by the discontinuity in the spon-
taneous polarization of the DW, while the concentration
of the majority carriers is dependent on both the dopant
and the density of bound charges, related to the inclination
angle θ . This is very different from the case of traditional
semiconductors, where both the polarity and the concen-
tration of the majority carriers are determined solely by the
dopants.

We measure the rectifying characteristics of the
p-i-n-type p-n junctions under different conditions with
a set of 20 parallel-connected p-n junctions prepared
using the interdigital electrodes shown in Fig. 1(a). Since
the conducting-majority-carrier concentration in CDWs is
highest for an inclination angle θ = 90◦, we first measure
the J -V curve of the parallel p-n junctions for θ = 90◦. The
width of the intermediate thin LN region, i.e., the distance
between the p-type CDW and the n-type CDW, is set to
d = 6.5 μm, and the length of the intermediate LN, i.e.,
the length of the p-type or n-type CDW, is 100 μm. The
J -V curve of the parallel p-n junctions is shown in
Fig. 6(a). One sees that the p-n junctions demonstrate typi-
cal rectifying features, showing perfect unidirectional con-
duction behavior. The p-n junctions are conductive under
a forward bias, and the electric current density J increases
exponentially with an increase in the forward bias voltage,
following the formula J = Js[exp(qV/βkBT) − 1], where
Js is the reverse saturation current density, β is the ideality
factor, kB is the Boltzmann constant, and T is the absolute

(a)

(b)

(c)

FIG. 6. Measurement of the rectifying J -V curves of 20
parallel-connected DW p-n junctions under various conditions.
(a) J -V curve of DW p-n junctions for an inclination angle θ =
90◦ and an intermediate LN width d = 6.5 μm. (b) J -V curves
of DW p-n junctions with intermediate LN widths d = 1.2, 3.2,
6.5, 7.2, and 9.8 μm. The inclination angle θ is 90◦. (c) J -V
curves of DW p-n junctions for different inclination angles with
sin θ = 0.5, 0.6, 0.7, 0.8, and 1.0. The intermediate LN width d is
6.5 μm. The length of the n-type and p-type CDWs is 100 μm in
all cases. The curves in all cases are exponential fits to the mea-
sured data according to the formula J = Js[exp(qV/βkBT) − 1],
and the fitting parameters can be found in Table I.

temperature in kelvin [43,44]. Typical fitting parameters
for the case in Fig. 6(a) are β = 150 and Js = 5.9 ×
10−4 mA cm−2, at room temperature (T = 300 K). Note
that the ideality factor β is very large in general; this is
typical for wide-band-gap materials, indicating a tunneling
charge transport mechanism rather than thermal diffusion
[44]. On the other hand, the p-n junctions are resistively
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interrupted under a reverse bias, and the reverse satura-
tion current density Js is negligibly small until the p-n
junctions break down, at which point the current increases
suddenly. The reverse-biased breakdown voltages of the
p-n junctions are measured to be approximately 70 V. It
should be noted that the measured I -V curves of both the
n-type head-to-head DWs and the p-type tail-to-tail DWs
are symmetric [see Figs. 2(b) and 2(c)]; this justifies the
conclusion that the observed rectifying behavior of the p-n
junction is not due to a Schottky barrier.

We find that the rectifying features of the p-i-n-type DW
p-n junctions appear only when the width d of the interme-
diate LN region is small enough. Figure 6(b) shows the J -V
curves of 20 parallel-connected p-n junctions with differ-
ent intermediate LN widths d. The inclination angle θ is
set to 90◦, and the length of the p-type and n-type CDWs
is 100 μm in all cases. One sees that the rectifying perfor-
mance of the DW p-n junctions is better for a smaller width
d, and the rectifying features disappear when the width d
is larger than approximately 10 μm. This is understandable
because the tunneling rate of electrons and holes decreases
with an increase in the width d, and finally there is no tun-
neling when the width d is large enough that the DW p-n
junction becomes resistively interrupted.

The rectifying performance of the DW p-n junctions
is also dependent on the concentrations of conducting
majority carriers in the n-type and p-type CDWs; there-
fore, it should also be dependent on the inclination angle
θ . Figure 6(c) shows the measured J -V curves of 20
parallel-connected p-n junctions for different inclination
angles θ . Again, the width and length of the intermedi-
ate LN region are set to 6.5 μm and 100 μm, respec-
tively. One sees that the rectifying current under a forward
bias becomes large with an increase in the inclination
angle θ , i.e., an increase in the concentrations of conduct-
ing electrons and holes in the n-type and p-type CDWs.
As expected, the rectifying performance of the DW p-n
junctions is best at θ = 90◦. Note that in all the above cases

TABLE I. Fitting parameters for the measured J -V data in
Fig. 6 with the exponential formula J = Js[exp(qV/βkBT) − 1].
The other parameters are the room temperature T = 300 K,
the elementary charge q = 1.6 × 10−19 C, and the Boltzmann
constant kB = 1.38 × 10−23 J K−1.

sin θ d (μm) β Js (10−4 mA cm−2)

1.0 9.8 147 1.3
1.0 7.2 187 8.1
1.0 6.5 150 5.9
1.0 3.2 122 7.1
1.0 1.2 159 3.9
0.8 6.5 126 2.4
0.7 6.5 125 2.0
0.6 6.5 186 4.1
0.5 6.5 145 1.2

shown in Fig. 6 the rectifying J -V curves can be well fitted
by the exponential formula J = Js[exp(qV/βkBT) − 1],
with the fitting parameters being listed in Table I.

IV. CONCLUSION

In conclusion, we prepare both head-to-head and tail-
to-tail CDWs with arbitrary predesigned inclination angles
in x-cut or y-cut LNOI through a lateral-electric-field pol-
ing technique. Both head-to-head and tail-to-tail DWs are
found to be conductive and are verified to have n-type
and p-type conductivity, respectively, via Hall measure-
ments, and the electron and hole mobilities are measured
to be μe = 337 cm2 V−1 s−1 and μh = 93 cm2 V−1 s−1,
respectively, which are within the range of those of typi-
cal wide-band-gap semiconductors. Based on these n-type
and p-type CDWs, we successfully fabricate a p-i-n-type
p-n junction, demonstrating perfect rectifying conduction
behavior. The p-n junction is a fundamental element in
modern integrated optoelectronic circuits. The success-
ful fabrication of DW p-n junctions, as well as the large
electron and hole mobilities in DWs in LNOI, may pave
the way for chip-level optoelectronic integration based on
LNOI, which is a long-pursued goal in the scientific and
industrial communities.
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APPENDIX: POLING THE x-CUT LNOI WITH
THE LATERAL-ELECTRIC-FIELD POLING

TECHNIQUE

With the interdigital electrodes deposited on the x-cut
LNOI [see Fig. 1(a)], one applies in-plane staged electric
field pulses to invert the spontaneous polarization Ps of
the x-cut LN thin film. A whole staged electric field pulse
consists of a prepoling stage, an effective poling stage, a
domain-coalescing stage, and a domain-stabilization stage.
In the prepoling stage, the effective poling field Ep sin θ

is increased to 30 kV mm−1, lower than the coercive field
of the x-cut LNOI, at a rate of 60 kV mm−1 s−1, and the
field is kept constant for 500 ms. With this prepoling stage,
the crystal tends to nucleate more easily in the subsequent
effective poling stage. Then, the effective poling field is
suddenly increased to 40 kV mm−1 or higher and is kept
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at this value for 200 ms in the effective poling stage to
partially invert the domain polarization. After that, the
effective poling field is dropped to 30 kV mm−1 and kept
constant for 500 ms, during which the partially inverted
domains coalesce. Following this, the effective poling field
is decreased to 12 kV mm−1 at a rate of 90 kV mm−1 s−1

and kept constant for 3.0 s for domain stabilization, to pre-
vent the inverted domain from flipping back, and then the
field is decreased to zero at a rate of 40 kV mm−1 s−1. This
domain in the x-cut LNOI can be completely inverted after
around a dozen such staged electric field pulses, as con-
firmed by the PFM measurement shown in Fig. 1(c). The
same poling procedure is applicable to y-cut LNOI.

The poling process has no effect on the surface of the
LNOI. Figure 7 shows typical surface topographies of the
LNOI before and after the poling process, measured by
a scanning electron microscope (SEM), where the white
arrows indicate the spontaneous polarization Ps of the LN,
and the red dashed boxes in Fig. 7(b) show the locations of
the poling electrodes; the signs “+” and “−” represent the
positive and negative poling electrodes, respectively. Note
that the Cr poling electrodes are removed by the Cr etchant
before the SEM measurement. The inset in Fig. 7(b) shows
a magnified SEM image of the area within the blue box
around the domain wall. The vertical grayish trace shows
the position of the DW because the structure of the DW is
different from that of the parent material.

The quality of the domain structures is characterized
by PFM (MFP-3D Infinity, Asylum Research, Goleta, CA,
USA) in the Dual AC Resonance Tracking and Switching

10 µm

2  µm

+ +– –

(a)

(b)

P

P

10 µm

FIG. 7. SEM surface topographies of LNOI before (a) and
after (b) the poling process. The inset in (b) shows a magnified
SEM image of the area within the blue box around the DW.

Spectroscopy PFM (DART-SSPFM) lateral mode with a
driving voltage of 3 V and a resonant frequency of 820
kHz; Ti/Ir-coated Si cantilevers with a force constant of
2.8 N m−1 and a probe tip radius of 25 nm are used. Typical
results are shown in Figs. 1(c) and 1(d).
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