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We report on a graphical domain engineering technique with the capability to fabricate macroscale
domain structures with nanoscale spatial resolution in nonpolar-cut lithium-niobate thin film on insulators
through the biased probe tip of scanning atomic force microscopy. It is found that the domain writing
process is asymmetric with respect to the spontaneous polarization Py even though the tip-induced poling
field is mirror symmetric. Various domain structures, with a dimension larger than millimeters while con-
sisting of nanoscale domain elements and with arbitrary domain-wall inclination angle with respect to Py,
are designed graphically and then written directly into nonpolar-cut lithium-niobate crystals. As a proof-
of-principle demonstration, periodically poled x-cut lithium-niobate thin film on insulators with a period
of 600 nm, a depth of 460 nm, and a length of approximately 1 mm is fabricated. This technique could be
useful for device applications in integrated optics and optoelectronics and domain-wall nanoelectronics

based on lithium niobate on insulators.
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I. INTRODUCTION

Lithium-niobate (LN) crystal is of excellent electro-
optic, pyroelectric, piezoelectric, acousto-optic, and non-
linear optical properties, especially with the maturation
of the fabrication technique of lithium niobate on insula-
tors (LNOI) [1-5], providing a golden material platform
for various ferroelectric, optoelectronic, and nonlinear
optical applications such as ferroelectric and holographic
memories [6—8], electro-optic modulator [9—11], optical
waveguide, and integrated optics [4,12], and nonlinear
optical frequency conversion [13—17], to just mention a
few. The ferroelectric LN crystal is of 180° domain struc-
ture, and its ferroelectric domain can be inverted and
designed to improve the device performance, for exam-
ple, the nonlinear optical frequency conversion efficiency
can be improved through periodically poled LN (PPLN)
based on the quasi-phase-matching technique [18,19]. Var-
ious domain-poling techniques were developed, includ-
ing the traditional electric-field-poling technique [20,21],
the light-assisted domain inversion technique [22], the
direct laser pulse and electron beam irradiation techniques
[23-26], and the tip-field-induced domain-inversion tech-
nique via a scanning probe microscope [27—33]. Currently,
PPLN with a domain period in micrometers can be eas-
ily fabricated in both z-cut and nonpolar-cut (x-cut or
y-cut) LN crystals. Nanoscale domain structures were also
reported in z-cut bulk LN or LNOI, while most of them
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in bulk LN are surface structures with their size limited
by the lateral domain expansion effect during the domain
growth [29,34]. Therefore, up to now, it is still a chal-
lenging task to produce PPLN with a submicron period
in nonpolar-cut LN crystals, which is usually required to
achieve the parametric interaction of counterpropagating
light beams based on the quasi-phase-matching technique
and to use the largest nonlinear coefficient ds3 of LN
crystal with improved nonlinear optical frequency con-
version efficiency [35,36]. Tremendous efforts have been
made and several groups have tried to fabricate PPLN with
submicron periodicity in nonpolar-cut LN by employing
the in-plane electric-field-poling technique with a finger-
poling electrode configuration, however, the quality of the
submicron PPLN still cannot meet the requirement of prac-
tical applications such as nonlinear frequency conversion
[15,37-40].

More recently, the domain wall of LN was found to be
conductive, which makes it also possible for applications
in nanoelectronics [41,42]. The domain-wall conductivity
in LN is proportional to 2P, sin8, where Py is the spon-
taneous polarization of LN and 6 is the inclination angle
of the domain wall with respect to Py [43]. Unfortunately,
the domain-wall inclination angle 6 was found to be almost
impossible to control precisely and was small and less than
approximately 5° in z-cut LN crystals, which puts a serious
limitation on the optimization of domain-wall conductivity
in LN [44—47]. Therefore, it is desired to develop a method
to fabricate domain walls with large inclination angle 6 in
a precisely controllable way.
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In this paper, we report on the successful fabrication
of high-quality PPLN with a submicron periodicity and
a longitudinal length longer than millimeters in nonpolar-
cut LNOI by scanning the biased probe tip of an atomic
force microscope (AFM). Domain structures with arbi-
trary shape and domain-wall inclination angle, and with
the size ranging from tens of nanometers to millimeters
or longer, are predesignable in a graphical way and can
then be written directly into nonpolar-cut LNOI through
the biased AFM tip. This technique is useful in the precise
design of domain structures in LNOI for practical applica-
tions in nanoelectronics, integrated optics, nonlinear opti-
cal frequency conversion, and parametric interaction of
counter-propagating beams with high efficiency.

II. EXPERIMENTAL RESULTS

Figure 1(a) shows the schematic diagram to fabricate the
domain structures in nonpolar-cut LNOI with a positively
biased AFM tip. In the experiments, we use a x-cut LNOI
sample consisting of a 600-nm Mg-doped (5.0 mol.%) x-
cut LN thin film, a 2-m silica, and a 500-pum LN substrate
bonded to each other in sequence. The spontaneous polar-
ization Py of the x-cut LN thin film is in the surface plane of
the x-cut LN and is set to be along the z-axis of the experi-
mental coordinate system, as shown in Fig. 1(a). The AFM
tip with a radius of 30 nm is in contact with the top surface
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FIG. 1. (a) Schematic diagram to fabricate domain structures
in x-cut LNOI by scanning the positively biased AFM tip along
the spontaneous polarization Py, the gray arrows indicate the
scanning direction of the AFM tip. (b) The graphical map used
to produce domain stripes, where a positive voltage is applied on
the scanning AFM tip in the green regions while no voltage is
applied on the AFM tip in the blue regions. (¢) The PFM ampli-
tude image of the fabricated domain stripes. (d) The PFM phase
image of the fabricated domain stripes. (¢) The phase distribu-
tion profile of the fabricated domain stripes along the red solid
line in (d). (f) The PFM phase image of the x-cut LNOI surface
when the positively biased AFM tip is scanned antiparallel to the
spontaneous polarization Py based on the designed voltage map
shown in (b).

of the x-cut LN thin film, and is loaded with a positive volt-
age and scanned in the direction parallel to the spontaneous
polarization Py of the x-cut LN according to a predesigned
graphical map, for example, as that shown in Fig. 1(b),
where the AFM tip is positively biased when scanning in
the green regions, while the AFM tip is grounded when
scanning in the blue regions. Typical domain stripes are
fabricated in x-cut LNOI according to the graphical map
shown in Fig. 1(b), in which the AFM tip voltage is 150
V when scanning in the green regions with a scanning
speed of 80 um/s. The domain stripes are characterized
by using piezoresponse force microscopy (PFM, MFP-3D
Infinity, Asylum Research, Goleta, CA, USA. The detailed
measurement information can be found in Appendix A),
and the PFM amplitude and phase images are shown in
Figs. 1(c) and 1(d), respectively. Note that theoretically the
PFM amplitude contrast for different domains with antipar-
allel orientations is the same. Here, the amplitude contrast
and range for different domains with antiparallel orienta-
tions are different, most probably is due to the fact that
the measurements are not completely decoupled from the
cantilever dynamics and the electrostatic effect of the accu-
mulated surface charges, which makes the PFM amplitude
of one domain orientation always lower than that of the
other [48—50]. Figure 1(e) is the phase distribution pro-
file along the red solid line in Fig. 1(d). One sees that
the graphical map in Fig. 1(b) is exactly mapped into the
domain stripes in x-cut LNOI. However, we find that the
domain stripes cannot be written into the x-cut LNOI when
the AFM tip is scanning in the direction antiparallel to the
spontaneous polarization P, and only the small area just
in front of the scanning tip at the scanning tail terminal is
found to be inverted, as shown in Fig. 1(f).

Surprisingly, the domain stripes can be written into the
x-cut LNOI when the AFM tip is scanning in the direction
antiparallel to the spontaneous polarization P, but applied
with a negative voltage, as shown in Fig. 2(a). The pre-
designed graphical map is shown in Fig. 2(b), in which the
AFM tip is applied with a negative voltage when scanning
in the orange regions, while it is grounded when scan-
ning in the blue regions. Figures 2(c) and 2(d) show the
PFM amplitude and phase images of the fabricated domain
stripes when the AFM tip is applied with a negative voltage
of —150 V and scanning with a speed of 80 um/s accord-
ing to the graphical map in Fig. 2(b). The PFM phase
distribution profile of the domain stripes along the red solid
line in Fig. 2(d) is shown in Fig. 2(e). Again, one sees
that the graphical map in Fig. 2(b) is exactly mapped into
the domain stripes in x-cut LNOI. Note that, in contrast to
the case with a positively biased AFM tip, in this case the
domain stripes cannot be written into the x-cut LNOI when
the negatively biased AFM tip is scanning in the direc-
tion parallel to the spontaneous polarization Py, and only
a small part of the domain stripes are written into the x-
cut LNOI at the areas just in front of the scanning AFM
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FIG. 2. (a) Schematic diagram to fabricate domain structures
in x-cut LNOI by scanning the negatively biased AFM tip
antiparallel to the spontaneous polarization Py, the gray arrows
indicate the scanning direction of the AFM tip. (b) The graphical
map used to produce the domain stripes, where a negative voltage
is applied on the scanning AFM tip in the orange regions while
no voltage is applied on the AFM tip in the blue regions. (c) The
PFM amplitude image of the fabricated domain stripes. (d) The
PFM phase image of the fabricated domain stripes. (e) The phase
distribution profile of the fabricated domain stripes along the red
solid line in (d). (f) The PFM phase image of the x-cut LNOI sur-
face when the negatively biased AFM tip is scanned parallel to
the spontaneous polarization P, based on the designed graphical
voltage map shown in (b).

tip at the scanning tail terminal, as shown in Fig. 2(f). We
give a detailed explanation on the anisotropic behavior of
the graphical direct-domain writing through a biased AFM
tip in Sec. III. Note that the domain structures graphically
written by the biased AFM tip are stable, and no notice-
able degradation is observed after an on-shelf time interval
of one year, as shown in Appendix C. Similar to the case in
z-cut LN crystal, the bounded charges associated with the
change of the electric dipole moment in x-cut LN crystal
are compensated by the injected charges through the biased
AFM tip, the bulk-free charges (electrons or holes for the
head-to-head or tail-to-tail domain walls, which make the
domain walls conductive) and the compensating surface
charges from the surrounding environment. The inverted
domains are stable due to the balance among the inter-
nal field, the screening field induced by various screening
charges, and the depolarization field.

To measure the depth of the inverted domain stripes, one
first fabricates the domain stripes by scanning the nega-
tively biased AFM tip in the direction antiparallel to the
spontaneous polarization Py with a —150-V voltage and
a scanning speed of 80 um/s. Then we produce a rect-
angular trench with a depth of 600 nm across the domain
stripes by employing focused ion-beam (FIB) etching, so
that the +z face and —z face of the domain stripes are
exposed to air. The sample is then immersed in the HF acid
with a concentration of 42% for 3 h, and the —z face of
the domain stripes is etched much faster than the +z face
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FIG. 3. (a) PFM phase image of the domain stripes fabricated
in the x-cut LNOI with a rectangular trench etched by using FIB
after a 3-h HF-acid etching. The red and white arrows represent
the polarization direction of the respective domain stripes. (b)
The AFM height map of the trench after a 3-h HF-acid etching,
the red and blue vertical lines indicate the location of the 4z and
—z face of the domain stripes, respectively. (¢) The magnified
AFM height map of the —z face of the central domain stripe in
(b). (d) The height profile across the etched —z face of the domain
stripe along the white line in (c), the depth of the inverted domain
stripe is measured to be 460 nm.

because of the selective etching property of the LN crys-
tals. The HF-acid etching rate of the —z face of Mg-doped
LN (5.0 mol.%) is measured to be 0.53 wm per hour with a
HF acid concentration of 42% (see Appendix B), while the
+z face of LN is almost not etched. The PFM phase image
and the AFM height map of the etched domain structures
are shown in Figs. 3(a) and 3(b). Figure 3(c) shows the
magnified AFM height map around the —z face of the cen-
tral domain stripe in Fig. 3(b), and the height profile of the
domain structure along the white line in Fig. 3(c), which is
across the etched —z face of the central domain stripe, is
shown in Fig. 3(d), from which the depth of the inverted
domain stripe is measured to be approximately 460 nm.
Note that the depth of the inverted domain is dependent on
the dopant and the Li/Nb ratio of LN because the coer-
cive field is different for LN with different dopants and
Li/ND ratios, for example, the coercive field of the nom-
inally pure congruent LN is 21 kV/mm, much higher than
that of Mg-doped LN, and the depth of the inverted domain
in nominally pure congruent LN, written by a 150-V biased
AFM tip scanning in the direction parallel to the sponta-
neous polarization Py at a speed of 80 um/s is measured
to be approximately 133 nm.

One notes that the etched —z face of the trench is
oblique, as shown in Fig. 3(d). In our case, the —z face
exposed to the HF-acid solution is the side wall of a trench
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with a volume of tens of um?, and the HF-acid solution in
the trench cannot be refreshed timely, especially at the bot-
tom of the trench, therefore the HF-acid concentration in
the trench will become lower and lower because the etch-
ing reaction consumes the HF acid but cannot be refreshed
timely, while on the top surface the HF-acid solution can
be refreshed timely and the HF-acid concentration on the
top surface is relatively higher than that at the bottom of the
trench, resulting in a HF-acid concentration gradient along
the depth of the trench during the etching process. Note
that the etching rate is larger at a higher HF-acid concen-
tration, therefore, the etched —z face of the trench shows
an oblique side wall. Note that the length of etched LN on
the top surface is around 1.5 um, as shown in Fig. 3(d), in
good agreement with the measured etching rate of the —z
face of Mg-doped LN.

In addition, the SiO, underneath the LN thin film will
also be exposed to the HF-acid solution, and the SiO; will
be etched quickly once it is exposed to the HF-acid solu-
tion, therefore, the LN thin film can be peeled off finally.
Here, to avoid the LN thin film being peeled off from the
substrate, we smear a thin layer of paraffin on the outside
face of the LNOI sample, so that the LN thin film will
not be peeled off even when the underneath SiO, is totally
etched, and finally the LN thin film will adsorb on the sur-
face of the 500- um LN substrate directly. From Fig. 3(d),
it can also be verified that the thickness of LN thin film of
LNOI is 600 nm, in good agreement with that claimed by
the company.

ITI. DISCUSSIONS

One notes that the domain structures can be directly
written into the x-cut LNOI when the positively biased
AFM tip scans in the direction parallel to Py, or the neg-
atively biased AFM tip scans in the direction antiparallel
to Py, but not vice versa. The reason is that the lateral
in-plane component of the electric field generated by the
biased AFM tip is of opposite direction on the two lobe
sides of the AFM tip. Figure 4 shows the numerically simu-
lated distribution of the lateral in-plane parallel component
of the electric field generated by the biased AFM tip, in
which the lateral in-plane parallel electric field component
E. is the electric field component parallel to Pg in the x — z
or y — z planes. In the simulation, the relative dielectric
constant of LN is €); = 44 and €33 = 29, respectively. The
radius of the AFM tip is set to be 30 nm, and the tip is in
direct contact with the top surface of the x-cut LNOI. The
biased voltage is 150 V for Figs. 4(a) and 4(c), and is —150
V for Figs. 4(b) and 4(d), respectively. The red thin curves
in Fig. 4 show the location where E; is equal to 4.5 kV/mm,
i.e., the contour curves of the coercive field of Mg-doped
LN [20]. One sees that the electric field component E, is
strong enough to invert the domain polarization around the
biased AFM tip, and the depth of the inverted domain can
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FIG. 4. (a),(c) Spatial distribution of E, in the x —z and y —

z planes, respectively, produced by the positively biased AFM
tip with a 150-V voltage. (b),(d) Spatial distribution of E, in the
x —z and y — z planes, respectively, generated by the negatively
biased AFM tip with a —150-V voltage. The red arrows represent
the tip-induced electric field component E.. The red solid thin
curves in all figures are the contour curves of the coercive field
with a value of 4.5 kV/mm for Mg-doped LN crystals.

be deeper than 300 nm determined by the contour curves
of the coercive field. The experimentally measured depth
of the domain stripes is slightly larger than the simulated
one determined by the contour curves of the coercive field,
this is due to the fact that the domain can grow even when
the external electric field is lower than the coercive field,
as also observed and confirmed by other groups in LN
crystals [32,33].

One sees that the poling electric field £, along the spon-
taneous polarization Py is pointing towards the negatively
biased AFM tip and/or pointing away from the positively
biased AFM tip, this facilitates domain inversion when
the biased AFM tip scans in the direction parallel to
or antiparallel to the spontaneous polarization with posi-
tively or negatively biased AFM tip. Figure 5 shows the
domain inversion with a stationary biased AFM tip and
the asymmetric effect of the electric field induced by the
biased AFM tip on the neighboring previously inverted
domain, which provides further experimental evidence for
the asymmetric domain-inversion behavior induced by the
biased AFM tip. The domain inversion induced by the
biased AFM tip is asymmetric in two aspects. First, the
domain structure induced by a stationary biased AFM tip
is asymmetric, resulting in a wedgelike domain with a sta-
tionary biased AFM tip. Second, the inverted wedgelike
domain could be reserved or erased by the electric field
generated by the neighboring biased AFM tip, depending
on not only the polarity of the biased AFM tip but also the
relative positions between the inverted wedgelike domain
and the biased AFM tip. For instance, as shown in Fig. 5,
one wrote a domain structure in the x-cut LNOI with the
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biased AFM tip at point 4, and then lifted the AFM tip and
moved the AFM tip to the next point B, there one wrote
another domain structure with the biased AFM tip. In this
way, one wrote five domain structures in sequence with
the biased AFM tip with different neighboring interval dis-
tance of 3 um and 1 pum, respectively. One notes that a
wedgelike domain structure is formed no matter whether
the AFM tip is positively or negatively biased with a volt-
age magnitude larger than 65 V, and only the area on one
side of the biased AFM tip with its domain polarization
antiparallel to E, is inverted, while the area on the opposite
side of the biased AFM tip with its polarization parallel to
E; is kept to unchanged, as shown in Figs. 5(bl) and 5(el).
Similar tip-induced wedgelike domain structures were also
observed by other groups in nonpolar-cut LN crystals
[32,33]. Interestingly, the wedgelike domain structures are
also dependent on the neighboring interval distance and
the scanning direction of the biased AFM tip. For exam-
ple, the wedgelike domain structures are well isolated from
each other when the neighboring interval distance is large
enough, irrespective of the polarity and the scanning direc-
tion of the biased AFM tip. On the other hand, when the
neighboring interval distance is small enough, it is pos-
sible that the wedgelike domain structure written by the
biased AFM tip could be partially or totally erased by the
subsequently followed domain writing process, as shown
in Figs. 5(b2), 5(b4), 5(e2) and 5(e4). This is because the
formerly inverted domain polarization is switched back by
the electric field induced by the subsequent neighboring
biased AFM tip, for example, when the tip is moved from
point B to point 4 in Fig. 5(c) or from point 4 to point B
in Fig. 5(f), due to the fact that the directions of the tip-
induced electric field component £, on the two sides of the
biased AFM tip are exactly opposite with respect to each
other along the z axis, as shown in Fig. 4. Note that there
are still some traces of partially inverted domains reminded
in the central area of Fig. 1(f), indicating that the inverted
domain is not completely flipped back to the original state.
On the other hand, however, the wedgelike domain stripes
written by the biased AFM tip in sequence can also be
connected one after another and form a long continuous
domain stripe, as shown in Figs. 5(b3) and 5(e3), when the
positively biased AFM tip scanning in the direction paral-
lel to Py [see Fig. 5(a)] or the negatively biased AFM tip
scanning in the direction antiparallel to Py [see Fig. 5(d)]
with a small enough neighboring interval distance. In this
way, domain stripes as those shown in Figs. 1(d) and 2(d)
can be directly written via the biased AFM tip.

The inverted domain can be reversed again by an appro-
priately biased AFM tip scanning in appropriate direction,
therefore the inverted domain will flip back to the orig-
inal state. This also means that the domain wall can be
moved intentionally. Figure 6 shows the results of inten-
tional domain reversion and domain-wall movement oper-
ation with a biased AFM tip. Here, one produces a square
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FIG. 5. (a),(c) Schematic diagrams to write the domain struc-
tures with a positively biased AFM tip scanning in different
directions with respect to Ps. (b) PFM amplitude images of
the domain structures written with a +150-V biased AFM tip,
wherein (b1),(b3) represent the cases that the tip scanned in the
direction parallel to P, but with different neighboring interval dis-
tance of 3 um and 1 um, respectively. (b2),(b4) show the cases
with the tip scanning in the direction antiparallel to P but with
different neighboring interval distance of 3 um and 1 um, respec-
tively. (d),(f), Schematic diagrams to write domain structures
with a negatively biased AFM tip scanning in different direc-
tions with respect to P;. (¢) PFM amplitude images of the domain
structures generated with a —150-V biased AFM tip, wherein
(el),(e3) represent the cases that the tip scanned in the direction
antiparallel to P but with different neighboring interval distance
of 3 um and 1 um, respectively. (e2),(e4) show the cases with
the tip scanning in the direction parallel to Py but with different
neighboring interval distance of 3 um and 1 um, respectively.

inverted domain with a 150-V biased AFM tip scanning
in the direction parallel to the spontaneous polarization
P, at a speed of 80 um/s [Fig. 6(a)], then the polariza-
tion of the bottom part of the inverted domain in the green
rectangular box is reversed by scanning a —150-V biased
AFM tip in a direction antiparallel to the local sponta-
neous polarization Py (indicated by the red arrows in the
yellow area) at a speed of 80 um/s, so that the head-to-
head domain wall is moved upward to the middle of the
figure, as shown in Fig. 6(b). Such domain reversion and
domain-wall movement can be operated repeatedly.

We find that the quality of the domain structures is
dependent on the scanning speed of the biased AFM tip.
If the scanning speed of the biased tip is too slow, then
the inverted domain will laterally expand and the domain-
structure profile will deviate significantly from that of the
designed graphic map. On the other hand, if the scanning
speed is too fast, then the domain inversion may not be
able to follow the biased tip, and the domain may only
be partially inverted and the domain structure also devi-
ates significantly from the designed graphic map. Figure
7 shows typical domain structures written by the AFM tip
with a bias of 150 V at different scanning speed, in which
Fig. 7(a) is the designed graphic map (periodical stripes
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FIG. 6. (a) PFM phase image of a square inverted domain pro-
duced by a 150-V biased AFM tip scanning in a direction parallel
to the local Py at a scanning speed of 80 um/s. (b) PFM phase
image of a rectangular domain produced by reversing the bottom
part of the square domain in the green rectangular box in (a) by
scanning a —150-V biased AFM tip in the direction antiparallel
to the local Py at a speed of 80 pum/s.

with a period of 600 nm and a duty ratio of 0.5), and Figs.
7(b) and 7(c) show the domain structures written by the
biased AFM tip at the scanning speed of 11.4 um/s and
114 pm/s, respectively. One sees that the domain-structure
profiles are deviated from that of the graphic map signif-
icantly in both cases. In practice, when the domain size
is large enough, for example in the micrometer scale or
larger, the domain-structure profiles written by the +150-
V biased AFM tip are in good accordance with those of
the graphic maps with a scanning speed of 80 um/s, as
shown in Figs. 1 and 2. Surely, when the domain size is
small enough, for example, in the submicrometer range, a
domain expansion of the order of tens of nanometers will
induce noticeable deviation from the design graphic map.
Therefore, one has to consider the domain expansion effect
to fabricate the desired domain structures.

This graphical direct-writing technique is capable of
graphically designing the domain structures and then map-
ping onto the nonpolar-cut LNOI via the biased AFM
tip. Figure 8 shows various domain structures fabricated
through this graphical direct-writing technique via the
biased AFM tip in a 600-nm-thick x-cut LNOI, includ-
ing PPLNs with domain period in submicron and micron
scale [Figs. 8(a) and 8(b)], domain stripes with arbitrary
domain-wall inclination angle 6 [Fig. 8(c)], head-to-head

FIG. 7. (a) Designed graphical map with a period of 600 nm
and a duty ratio of 0.5. (b) PFM image of the domain stripes
written by a 150-V biased AFM tip with a scanning speed of
11.4 pum/s. (¢) PFM image of the domain stripes written by a
150-V biased AFM tip with a scanning speed of 114 um/s.
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FIG. 8. Various domain structures fabricated in a 600-nm-
thick Mg-doped (5.0 mol.%) x-cut LNOI via a —150-V biased
AFM tip with a speed of 80 um/s scanning in the direction
antiparallel to the spontaneous polarization Ps. (a) PFM phase
image of PPLN with a grating period of 600 nm. (b) PFM image
of PPLN with a grating period of 15 um. (c¢) PFM image of
domain stripes arranged on a circle with arbitrary domain-wall
inclination angle 6. (d) PFM image of domain structures with
head-to-head and tail-to-tail domain walls of a domain-wall incli-
nation angle 6 = 90°. (e) SEM image of PPLN (in the white
rectangular box) with a domain period of 600 nm and a longi-
tudinal length of approximately 1 mm. (f) Magnified SEM image
of nanodomain gratings of PPLN in the red rectangular box in (e).

and tail-to-tail domain walls with an inclination angle
6 = 90° [Fig. 8(d)], and so on. The width of the domain
stripes can be down to tens of nanometers (approximately
70 nm in our experiments). Figure 8(¢) shows a PPLN with
a domain grating period of 600 nm, a domain depth of
approximately 460 nm, and a total longitudinal length of
approximately 1 mm. Note that the scanning area of the
AFM probe tip is limited within a scope of 90 x 90 um?.
To fabricate domain structures long enough in the longitu-
dinal dimension, we employ an overlay technique by divid-
ing the whole area into separate divisions, each division
with an area reachable by the AFM tip, and then map-
ping the domain structure into each division in sequence,
as shown in Figs. 8(e) and 9. Figure 8(f) shows the mag-
nified image of the nanodomain gratings in the red box of
Fig. 8(e), which covers around two divisions, showing the
good homogeneity of the fabricated submicron PPLN.
One may note that the key to get a good-quality PPLN
is to achieve a seamless stitching of domain stripes in the
neighboring divisions. Here, we first deposit a periodical
array of Cr marker on the surface of LN with a period of
24 pum and a total length of approximately 1 mm (42 peri-
ods), as shown in Figs. 8(e) and 9, where each period of
Cr marker corresponds to one division for domain stripe
writing by using the biased AFM tip. Second, we find the

054049-6



GRAPHICAL DIRECT WRITING OF MACROSCALE...

PHYS. REV. APPLIED 17, 054049 (2022)

o0 60 00 o0

FIG. 9. Overlay scheme to fabricate macroscale domain struc-
tures with a nanoscale spatial resolution via a biased AFM tip of
atomic force microscopy. The vertical orange dotted lines are the
boundary between the neighboring divisions.

location of the first division according to the periodical
Cr markers by measuring the AFM image around the first
division, then we write 40 domain stripes into the first divi-
sion with the biased AFM tip. Note that, considering the
lateral domain expansion during the domain writing pro-
cess, the duty ratio of the graphic stripe map is designed
to be 0.2 to fabricate a PPLN with a duty ratio of 0.3.
Here, to stitch the domain stripes in the first and the second
divisions precisely, the key is to find precisely the loca-
tion of the second division to write the periodical domain
stripes. To achieve this seamless stitching of the period-
ical domain stripes in the two neighboring divisions, we
measure the PFM images of the domain stripes in the first
division with an area much larger than the first division
(60 x 60 pum? in the experiments), and then, according to
the measured PFM image, we move in situ the AFM tip
to the right place in the second division with an accuracy
of approximately 15 nm, which is determined by the AFM
system [51], where we write the periodical domain stripes
in the second division. In this way, one can seamlessly
stitch the periodical domain stripes in the neighboring divi-
sions in sequence, therefore, to produce millimeter-long
PPLN with a domain period of hundreds of nanometers.
The time needed to find the location of the second divi-
sion and write the periodical domain stripes in the second
division is about 5 min, therefore, nearly 4 h are necessary
to fabricate such a millimeter-long PPLN with the biased
AFM tip.

To check the quality of the fabricated PPLN, we per-
form the Fourier transform of the written domain stripes
composed of four stitched divisions in Fig. 8(e) and Fig. 9.
The result is shown in Fig. 10, in which G is the reciprocal
vector of the domain grating of the fabricated PPLN. One
sees that, according to the Fourier spectrum, the period of
the fabricated PPLN is verified to be 600.38 nm with a
duty ratio of 0.33, in good agreement with the designed

0.6}
0.5}
04+
03}
02}
0.1
0.0 (phoshatimiorbisorridimmietmimssibesmi
0 10 20 30 40 50 60
Reciprocal vector G (um™)

o ) " o

Fourier coefficient

FIG. 10. Fourier transform of the fabricated PPLN composed
of four stitched divisions in Fig. 8(e), showing a domain period
of 600.38 nm and a duty ratio of 0.33, in good agreement with
the designed one.

one, indicating that the fabricated PPLN is of good qual-
ity. Such nonpolar-cut submicron PPLNs are essential for
parametric interaction of counterpropagating light beams
and nonlinear conversion generation of ultraviolet light
with the feasibility to use the largest nonlinear coefficient
ds3 based on quasi-phase-matching technique.

In addition, we also measure the current-voltage (/-V)
curves of the domain walls with different inclination angle
0, as shown in Fig. 11. Here the domain walls are fab-
ricated by the 150-V biased AFM tip scanning in the
direction parallel to the spontaneous polarization Py at a
speed of 80 um/s. Figure 11(a) shows the schematic setup
to measure the /-7 of the domain wall, where two 300-
nm-thick Cr electrodes are deposited on the top surface of
x-cut LNOI, covering the domain wall with a gap distance
of 3 um. Figure 11(b) shows the measured /-V curves of
the head-to-head domain walls with inclination angles of
15°,45°,75°, and 90°, respectively. One sees that the con-
ductivity of the head-to-head domain wall increases with
the increase of the domain-wall inclination angle 6, in
good agreement with the theoretical prediction [43]. How-
ever, the measurement on the tail-to-tail domain walls is
not successful because the conductivity of a single tail-
to-tail domain wall is too small to be detected reliably.
The capability to fabricate conductive domain walls with
arbitrary domain-wall inclination angle in a controllable
and designable way may pave the way for applications in
domain-wall nanoelectronics based on LNOI [42].

IV. CONCLUSION

In summary, we demonstrate a graphical direct-writing
technique of domain structures in nonpolar-cut LNOI with
a biased AFM tip. We show the asymmetric behavior of
this domain direct-writing technique, in which the domain
can be directly written into the nonpolar-cut LNOI when
scanning the positively biased AFM tip in the direction
parallel to P or scanning the negatively biased AFM tip
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FIG. 11. (a) Schematic diagram of the experimental setup to
measure the /-7 curves of the domain walls. (b) The mea-
sured /-V curves of the head-to-head domain walls with different
inclination angles of 8 = 15°, 45°, 75°, and 90°, respectively.

in the direction antiparallel to P, but not vice versa. The
tip voltage can be as low as 65 V. The depth of the inverted
domain increases with the increase of the biased voltage,
and it reaches approximately 460 nm with a biased volt-
age of 150 V and a scanning speed of 80 um/s. Various
domain structures, with the size ranging from nanoscale to
millimeter-scale and with precisely controllable domain-
wall inclination angle, are designed graphically and then
mapped precisely into the nonpolar-cut LNOI. As a proof-
of-principle demonstration, PPLN with a domain period
of 600 nm, a domain depth of 460 nm, and a longitudi-
nal length of approximately 1 mm is fabricated in a x-cut,
Mg-doped (5.0 mol%) LNOI, which shows the possibility
to use the largest nonlinear coefficient ds3 in the non-
linear frequency conversion and parametric interaction of
counterpropagating light beams based on the quasi-phase-
matching technique. In addition, domain structures with
head-to-head and tail-to-tail domain walls are also fabri-
cated in the same LNOI sample. The capability to fabricate
various domain structures with a nanoscale spatial resolu-
tion in a designable and controllable way makes this tech-
nique useful for device applications in integrated optics
and optoelectronics and domain-wall nanoelectronics.
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APPENDIX A: PFM MEASUREMENT

The PFM images are measured in the lateral mode
through the cantilever torsion with a driving voltage of 5
V and a resonant frequency of 800 kHz, Ti/Ir-coated Si
cantilevers with a force constant of 2.8 N/m and a probe
tip radius of 30 nm are used. The instrument is MFP-3D
Infinity from Asylum Research, Goleta, CA, USA.

APPENDIX B: MEASUREMENT ON THE
ETCHING RATE OF THE —z FACE OF
MG-DOPED LN

It is verified experimentally that the etching rate of the
LN surface in the HF-acid solution is anisotropic, and the
—z face of LN can be etched in HF-acid solution, while
the +z face is almost not etched. Figure 12 shows the mea-
sured time dependence of the etching depth of the —z face
of Mg-doped LN (5.0 mol.%) immersed in a HF-acid solu-
tion with a HF-acid concentration of 42%, from which a
HF-acid etching rate of approximately 0.53 pum per hour
can be obtained.

APPENDIX C: DEGRADATION TEST OF THE
WRITTEN DOMAIN STRUCTURES

The domain structures written by the biased AFM tip
are stable. Figures 13(a) and 13(b) show the PFM phase
images of the domain stripes written by a positively +150-
V biased tip scanning in the direction parallel to the sponta-
neous polarization Py measured with an on-shelf time gap
of one year, and Fig. 13(c) shows the Fourier transform of
the domain stripes, in which the upper part and the lower

Time (h)

FIG. 12. Measurement on the etching rate of —z face of LN in
the HF-acid solution with a HF-acid concentration of 42%. The
crystal used is a Mg-doped LN with a Mg-doping concentration
of 5.0 mol.%. The etching rate is measured to be approximately
0.53 pm per hour.
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FIG. 13. (a),(b) PFM phase images of the domain stripes writ-
ten by a positively +150-V biased tip scanning in the direction
parallel to the spontaneous polarization Py measured with an on-
shelf time gap of one year. (c) Fourier transforms (upper part and
lower part) of the fabricated domain stripes in (a),(b), respec-
tively. (d),(e) PFM phase images of the domain stripes written
by a negatively —150-V biased tip scanning in the direction
antiparallel to the spontaneous polarization P; measured with
an on-shelf time gap of one year. (f) Fourier transforms (upper
part and lower part) of the fabricated domain stripes in (d),(e),
respectively. The tip scanning speed is 80 um/s.

part correspond to the Fourier transform of the domain
stripes in (a) and (b), respectively. Correspondingly, Figs.
13(d) and 13(e) show the PFM phase images of the domain
stripes written by a negatively —150-V biased tip scanning
in the direction antiparallel to the spontaneous polariza-
tion Py measured with an on-shelf time gap of one year,
and Fig. 13(f) shows the Fourier transform of the domain
stripes, where the upper and the lower parts correspond
to the cases for (d) and (e), respectively. The tip scanning
speed in both cases is 80 um/s. One sees that no noticeable
degradation is observed.
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