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Second-harmonic generation is used experimentally for the nonlinear imaging of two-dimensional
irregular domain structures. Analytical solutions and simulation results for the Fresnel distribution of
domain walls are obtained. The results show that the domain wall plays an important role in the imaging
process and the corresponding diffraction effect is greatly suppressed (we call it a nearly diffraction-free
effect), thus providing a simple way to realize high-resolution imaging for ferroelectric domains.
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Ferroelectric materials have widespread applications in
many different research areas owing to their exotic proper-
ties in piezoelectric, pyroelectric, and electro-optical char-
acteristics [1-3]. Because of the emergence of domain wall
engineering [4], the study on domain walls in ferroelectric
materials has become a hot topic [5-8]. To deeply explore
the relationship of the microscopic structures and macro-
scopic functions, a lot of technologies including electronic
microscope and linear optical imaging have been developed
to observe domain structures [9—14]. The electronic micro-
scope methods mainly contain scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM).
SEM and its extended techniques have been the most
widely used methods at present [ 15—18], where the contrast
between antiparallel ferroelectric domains can be imaged in
the secondary electron emission mode. TEM is capable of
imaging domain structures directly, and the domain walls in
ferroelectric materials such as LiNbO; can be observed
with high resolution [19].

The linear optical imaging for domain observation
covers a broader range, including several kinds of micro-
scopic methods [20-25], such as optical microscopy,
polarization microscopy, and microwave microscopy.
Generally, it is difficult to directly observe domain struc-
tures in linear optical methods due to the same refractive
index of the antiparallel domains. Thus destructive etching
is commonly adopted to change the relevant properties
around domain walls for optical observation [26]. In recent
years, some nonlinear optical methods, especially second-
harmonic generation (SHG) based imaging have emerged.
For example, SHG microscopes have been developed to
observe the domain structure (or domain wall) nondes-
tructively [27] with a reference SH wave by an interference
effect (or without a reference SH wave in a noninterference
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case) [28]. With the help of the confocal scanning tech-
nique, the SHG microscope is able to examine the inner
twin boundaries and three-dimensional images for the inner
structure can be obtained [29]. A SHG enhancement effect
is found in some configurations of SHG and can be
exploited to observe the domain wall structure as well
[30], and in this situation the domain wall is shown as a
bright line in the SH image. Nonlinear Talbot self-imaging
is another interesting method for domain characterization
[31-34], where periodic domain structures are required and
duplicate images of the domain structure are established at
specific planes. Besides the Talbot effect, the nonlinear
Cherenkov effect can be exploited to observe domain
structures as well. With this method, images with high
resolution can be obtained by focusing a laser light onto the
domain wall and scanning the position of the focus [35].

In this Letter, a simple nonlinear method is introduced
for the direct and instant observation of two-dimensional
(2D) ferroelectric domain structures in a nonlinear photonic
crystal (NPC). The periodicity of domain structure is
unnecessary and the focus scanning is also not required,
which differs from the Talbot self-imaging method and the
nonlinear Cherenkov method. The analytical solution for
the nonlinear Fresnel diffraction distribution of domain
walls has been deduced theoretically. The result indicates
that the SH image of domain walls can be always observed
as a dark curve no matter how narrow its width is, and a
nearly diffraction-free effect is observed at the same time.
The line width of the domain wall image is found to be
proportional to the square root of propagation distance,
which increases very slowly compared with normal far-
field diffraction processes. When moving the object plane
away from the crystal surface, the domain wall structure
can still be clearly observed within a certain range, which is
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quite different from the previous reported SHG imaging
approaches, thus providing a possibility for the imaging of
sub-wavelength objects with high resolution.

To demonstrate our method of nonlinear SH imaging,
we focus on the near-field evolution in the 2D nonlinear
propagating process. The NPC fabricated on the z-cut
congruent LiTaO; (CLT) is chosen to be the crystal
material with the fundamental wave (FW) at a wavelength
of 900 nm propagating along the spontaneous polarization
direction. The output SH field can be described by Fresnel
diffraction, so the field distribution at the imaging plane can
be expressed as

E(a.2) (ik/2)[(—a+ =P I gxdy, (1)

where x, y and a, f are the coordinates at the crystal’s plane
and the imaging plane, respectively. z is the propagating
distance, f(x,y) is the NPC structure function, 1 is the
wavelength of the second-harmonic wave (SHW), and k is
the corresponding wave vector.

For an irregularly distributed domain structure, the
structure function of the NPC is binary modulated. It
means that the function has only two values: +1 and —1
because only 180° antiparallel ferroelectric domains exist in
our material. First, we have analyzed a simple case that
consists of a single domain wall, the corresponding
structure function can be written as
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(2)

Here, [ and & are the corresponding length and width of the
sample unit, respectively. Substituting Eq. (2) into the
Fresnel diffraction equation, Eq. (1) can be further sim-
plified [36] so that the light field at the imaging plane can
be solved as
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The positive domain and the negative domain have the
same contribution to the near-field imaging distribution in

I(a.p,2) = [H\(a) +Hy()][M(B)+M(p)],  (3)

where

the aspect of intensity but the phase differs by z. Fresnel
diffraction process for the single pair of antiparallel ferro-
electric domains is conducted to analyze the nonlinear
imaging process. From the simulation of the SH field at a
specific plane, as is shown in Figs. 1(a) and 1(b), it can be
found that the intensity distribution of the positive domain is
the same with the negative domain. Not only for the straight
type domain wall, but also for the curving type, the images of
domains are bright while the regions of the domain wall are
dark. So the clear contrast between domain and domain wall
has been established. According to the numerical calcula-
tions, we found that the linewidth of the domain wall image
can be expressed as a simple expression:

w o VAz, (5)

where w represents the line width of the domain wall image.
Interestingly, the domain wall width itself does not appear in
the expression, which implies that the domain wall can be
always observed in the imaging process no matter how
narrow its width is, thus providing a possibility for the
imaging of subwavelength objects with high resolution.
Figure 1(c) is the simulation result that demonstrates that
the line width of the domain wall image is proportional to the
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FIG. 1. Simulations of the SH-imaging process for the single
antiparallel ferroelectric domain. (a) and (b) The simulated SH-
imaging field distributions for the straight and curving wall;
(c) the variation of the line width of the domain wall image along
with the propagating distance when the wavelength is 450 nm.
A power function of the form w = 0.64,/z (shown as the dark
curve) will fit the data points.

067601-2



PHYSICAL REVIEW LETTERS 120, 067601 (2018)

(a) designed structure (b)

NN

Z=20um ©)

Z=40 ym

FIG. 2. Simulations of the nonlinear SH imaging processes. (a) The pattern of the designed domain structure. (b)—(f) The SH images at
the distance of 20, 40, 60, 100, and 180 um away from the crystal plane.

square root of the propagation distance with a fixed
wavelength. The diffraction effect in this process is greatly
suppressed.

Actually, observation of complicated domain structures
is more practical in the imaging research area. Inspired by
the imaging results of a single domain wall, nonlinear SH
imaging for irregularly distributed ferroelectric domain
structures has been further investigated. Different from
the experimental results in Ref. [30], the SH image of the
domain wall exhibits a dark curve with a nearly diffraction-
free behavior.

Numerical simulations have been implemented about the
nearly diffraction-free propagation process in the near-field
region. Figure 2(a) shows the designed domain structure
and Figs. 2(b)-2(f) demonstrate the field distributions at
different distances away from the crystal plane. The
corresponding distances are 20, 40, 60, 100, and
180 yum. The simulation results exhibit that the SHW
propagates following certain rules so that the domain
structure image is reproduced and kept well within the
above-mentioned distance range. That means almost no
diffraction effect has emerged. More specifically, although
the domain walls have some differences in the thickness of
the lines, the whole configuration for the structure matches
well with the original designed structure.

We have performed experiments to verify the nearly
diffraction-free SH imaging process for irregularly distrib-
uted domain structures. The experimental setup is shown in
Fig. 3. A femtosecond mode-locked Ti:sapphire laser oper-
ating at a wavelength of 900 nm is chosen as the FW source.
The NPC structure was fabricated by 2D poling of a 500 ym
thick z-cut CLT. The poled area is 500 ym x 500 gm.
A long-pass filter is placed before the sample to filter the

visible noise, and a short-pass filter is placed between the
sample and the objective lens to eliminate the remaining FW.
Unlike the focused fundamental beam used in Refs. [27-29],
the laser beam is shaped to be an almost parallel beam
propagating along the z axis. Here for the interacting waves
propagating along the spontaneous polarization direction of
CLT the nonlinear process is 00-0 type. Only the d»;
component contributes to the SHG process in our exper-
imental configuration. The SHW image is recorded by a
CCD camera, which is controlled by a precision translation
stage so that it can be flexibly moved along the z direction.

There are only two kinds of different domains for
LiTaO; so that the whole domain structure can be seen

CCD
filter

lens

objective
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i -

Ti:sapphire laser lens lens filter

FIG. 3. Schematic of the experimental setup. The laser beam is
shaped to be an almost parallel beam propagating along the z
axis. The SHG process is carried out and the SHW patterns are
recorded at different distances with a CCD camera controlled by a
precision translation stage.
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FIG. 4. Contrast images of the domain structures have been established experimentally by the ESEM method (a) and the SH imaging
technique (b)—(f); meanwhile, comparisons among different imaging distances of 20, 40, 60, 100, and 180 ym for the SH imaging

technique have also been exhibited.

as a combination of many single antiparallel ferroelectric
domains. Figure 4 shows the experimental comparison
results between the environmental scanning electron micro-
scope (ESEM) and the SH-imaging technique. Figure 4(a)
is the domain images obtained by the ESEM, with the
image conditions being voltage 30 kV, pressure 30 Pa, spots
5, scan rate 30 us/frame. The dark spots on the surface may
be the destructions to the sample brought by the femto-
second laser in the optical experiment. Figures 4(b)—4(f) are
domain patterns detected by the CCD camera at different
distances via the SH imaging technique. It can be seen here
the domain walls exhibit as dark curves in the SH image.
Moreover, we found that when moving the object plane
away from the crystal surface, the structure can still be
imaged within a range of about 200 ym, which matches
well with the simulation results above.

The SH imaging technique has its unique advantages
compared with other related methods. Compared with those
electron microscopic methods, the direct observation of
domain walls instead of antiparallel domains in the SH-
imaging process has provided the possibility to the study of
domain wall engineering. The preparation steps in linear
optical methods such as etching and surface coating are not
needed in the SH imaging technique, thus the destruction to
samples can be avoided. Furthermore, this method is
capable of detecting the domain wall directly and the
related diffraction effect is very weak, thus high spatial
resolution can be achieved.

In conclusion, the domain wall structures of 2D non-
linear photonic crystals are observed with a simple SH
imaging method. Arbitrary ferroelectric domain structures
without any periodicity can be observed directly and

instantly with this method. The theoretical analysis as well
as simulation reveals that the domain wall structure can be
always observed in the SH imaging process even when its
width is much smaller than the wavelength, and a nearly
diffraction-free effect is found at the same time. Compared
with the other methods for domain observation, the SH
imaging technique has unique advantages such as simplic-
ity, stability, and high imaging resolution, which will lead
to many novel discoveries in nonlinear imaging techniques,
domain wall engineering, biological detection, and other
diverse applications.
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