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Nonlinear Moiré Superlattice for Super-Resolution
Nondestructive Detection of Nonlinear Photonic Crystals

Haigang Liu and Xianfeng Chen*

The moiré effect is a universal phenomenon originating from the interference
of waves, and it is widely applied in metrology as well as superconductor
phenomena in graphene. The present study demonstrates a nonlinear moiré
effect originating from the moiré superlattices of two nonlinear photonic
crystals (NPCs). It is experimentally shown that these nonlinear moiré
superlattices facilitate the nondestructive detection of nonlinear photonic
crystals. Two identical periodically poled lithium niobates (PPLNs) are used to
observe the nonlinear moiré effect originating from the nonlinear moiré
superlattices. This is followed by a demonstration of the detection capability
of the nonlinear optical method for dissimilar PPLNs and calculation of the
period detection range. The theoretically and experimentally obtained periods
of the target PPLN are consistent, and the resolution of the nonlinear moiré
effect surpasses to that of presently used optical systems. Furthermore, the
detection range of the nonlinear moiré effect enables the sub-micrometer- and
nanometer-scale detection of the nonlinear photonic crystal structure using
only an optical microscope. The present study conceptually extends the
conventional moiré lattice to nonlinear optics, and it can also be extended to
other fields where nonlinear effects cannot be avoided, such as polaritons and

moiré effect has been extensively used
in precision metrology owing to its high
sensitivity to object displacement.l]
Recently, it has attracted significant
attention owing to the discovery of the
outstanding physical phenomena in
moiré lattices. These phenomena in-
clude unconventional superconductivity
and quantum Hall effect in graphene
moiré superlattices,®”! localization and
delocalization of light in photonic moiré
lattices,®! moiré excitons in van der
Waals heterostructures,® and intrinsic
quantized anomalous Hall effect in
moiré heterostructures.1%]

Nonlinear photonic crystals (NPCs)
are special materials in which the second-
order susceptibility (y?) is spatially mod-
ulated, while the linear susceptibility re-
mains constant.[!'"13] They were initially
reported by Bloembergen as a means to
increase the conversion efficiency in non-

Bose-Einstein condensates.

1. Introduction

The moiré effect is a universal phenomenon that was observed
back in the 18th century. It is caused by the interference of
waves and has been widely observed for optical waves,!!! surface
plasmon polaritons,/?l X-rays,?l and even matter waves.[*l The
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linear frequency conversion process.!']

Presently, NPCs play an important role in

nonlinear optics because their ability to
get the high-brightness coherent radiation extending from in-
frared to ultraviolet light by designing the period structures.!*>1¢]
Broadband nonlinear harmonic waves can also be achieved us-
ing specially designed NPCs.!'”"18] Moreover, random quasiphase
matching can be achieved in bulk polycrystalline isotropic non-
linear materials that are composed of randomly distributed
domains.["”! In addition to their ability to get coherent or incoher-
ent light source, these special crystals exhibit certain fundamen-
tal phenomena of nonlinear optics, such as nonlinear Raman—
Nath diffraction,!?*?!) nonlinear Cherenkov radiation,!???*] non-
linear Huygens—Fresnel principle,l?*! nonlinear Talbot effect,!?’]
and nonlinear volume holography.[?! Recently, the manipulation
of nonlinear harmonic waves has also been achieved using the
structural properties of NPCs such as nonlinear vortex and Airy
beam generation.[?728] NPCs exhibit interesting phenomena in
not only classical optics but also quantum optics. These crystals
can be used to produce high-brightness quantum light sources
and manipulate quantum states.[?>3! Furthermore, the future
development of integrated photonics increases the scope of ap-
plications for specially designed NPCs.[32-34]

The importance of the detection methods for NPCs has in-
creased with the extensive application of these crystals in various
fields. In previous studies, the structure of NPCs was detected us-
ing a common optical microscope after etching with hydrofluoric
acid, which is a common destructive detection method.[2426:35:3¢]
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To avoid destruction of the original structures, a nondestructive
method was proposed for the detection of NPCs using nonlin-
ear Cherenkov radiation.l*”] The nonlinear Talbot effect can be
applied as a lens-less imaging method for the nondestructive de-
tection of NPCs, thereby significantly simplifying the experimen-
tal setup.!®! An nearly diffraction-free effect of the domain wall
is proposed in such a nonlinear image process, which provides
a simple way to realize high-resolution imaging of ferroelectric
domains.3®] However, these optical methods for the detection of
NPCs are limited by the resolution of the optical system used.
The advent of nanophotonics in recent years has induced a con-
tinuous decrease in the required sizes of NPCs.>*3*] Nonoptical
methods, such as piezoresponse force microscopy!*”) and Raman
confocal microscopy,[“1*?! are used for the detection of NPCs at
the micro- or nanoscale. However, these methods are expensive
and require complex operation of the samples. Therefore, it is
crucial to develop a new optical method with a resolution supe-
rior to that of the existing optical methods to facilitate the nonde-
structive detection of NPCs.

In the present study, we reported the application of a moiré su-
perlattice in second-order nonlinear optical parametric processes
and demonstrated the super-resolution nondestructive detection
of NPCs using the nonlinear moiré effect of the nonlinear moiré
superlattice. When only one NPC was placed in our homemade
imaging system, the structure was not clearly detected using a
second-harmonic (SH) signal. However, the structure informa-
tion was reconstructed using the nonlinear moiré effect. There-
after, we calculated the detection range of this method using an
optical microscope with a resolution of 1 um. The results revealed
the successful detection of micro- and nanoscale structures of
NPCs.

2. Results

2.1. Nonlinear Moiré Effect Observed in the Nonlinear Moiré
Superlattice

The schematic of the formation of the nonlinear moiré effect
in the nonlinear moiré superlattice is shown in Figure 1. The
second-order nonlinearity coefficient for a periodically modu-
lated nonlinear structure can be represented as

7% = d; sign [cos (anx)] (1)

where d;; is an element of the quadratic susceptibility y tensor.
f =1/Ais the spatial frequency of the nonlinear structure, and
A represents its period. x is the x-coordinate of the NPCs. Con-
sidering a paraxial and undepleted approximation of the funda-
mental frequency (FF) wave, the coupled wave equation can be
written as

dE2w) 2iw LR Ak
=22 OF iakz 2
o= AE e @
where E(w), E(2w), @, and ¢ denote the incident FF light, gen-

erated SH wave, angular frequency, and light speed in vacuum.
Furthermore, Ak = 2k, — k, represents the phase mismatch be-
tween the FF wavevector (k,) and the SH wavevector (k,). The
generated SH is directly proportional to the y@ structure when
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Formation of the nonlinear moiré effect
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Figure 1. Schematic of the formation of the nonlinear moiré effect in the
nonlinear moiré superlattice. Two periodically poled NPCs () structure)
are superimposed with an angle a. The 0-phase line represents the location
of same ferroelectric domains in the two NPCs that constructively interfere
for the generated SH. The z-phase line represents the location of opposite
ferroelectric domains in the two NPCs that destructively interfere for the

generated SH. A, ;¢ is the period of nonlinear moiré effect.

the FF light is incident along the z-axis of the crystal. This results
in a phase change of the adjacent domain areas. Considering only
the positive ferroelectric domain area (0-phase part of the gener-
ated SH) of the periodically modulated nonlinear crystal, the SH
transmittance function in the imaging plane exhibits periodic be-
havior and can be written as

T (2w) e 0.5 - {1+ sign [cos (2zfx)] } 3)

When two NPCs with different periods are tightly superim-
posed, the total SH transmittance function can be written as

T (20) o Ty (20) T, (20) o 025 - {1 + sign [cos (2af)]
+ sign [cos (2zf,x)] + 0.5 - sign [cos [27 (f; +1,) x]]
+ 0.5 - sign [cos [27f (f1 —fz) x”} )

The first term represents uniform transmittance. The second
and third terms represent the structural properties of individual
nonlinear gratings. The fourth and fifth terms are, respectively,
the sum and different frequency terms of the nonlinear spatial
structure. The different frequency term is responsible for origi-
nation of the nonlinear moiré effect. Moreover, this term presents
the required information owing to the relatively low spatial fre-
quency of the SH wave, which is easy to observe. Generally, when
two nonlinear gratings are superimposed with an angle «, the pe-
riod of the corresponding nonlinear moiré pattern can be repre-
sented as

A= () / (/N + A =200, cose) g

where A, and A, are the periods of the two nonlinear gratings. It
is important to note that only the nonlinear moiré pattern with
a positive ferroelectric domain area (0-phase part) is analyzed in
the equations above, as denoted by the 0-phase line in Figure 1.
This is because the results are identical to those obtained via
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Figure 2. Schematic of the experimental setup. Ly_3: lens; f;, f,, and f3
are 200, 100, and 50 mm, respectively; Ly and CCD camera constitute an
imaging system of unit magnification. The two periodically poled lithium
niobate (PPLN) samples exhibit the nonlinear moiré effect, without loss
of generality.

analysis of the nonlinear moiré pattern with a negative ferroelec-
tric domain area. It is usually difficult to detect phase information
using a charge-coupled device (CCD) camera. However, the peri-
odic intensity distribution of the nonlinear moiré effect is visible
at the location of z-phase line (Figure 1) owing to the generated
SH destructive interference of opposite ferroelectric domains in
the two NPCs.

2.2. Experimental Verification

The schematic of the experimental setup is shown in Figure 2.
A compact ytterbium-doped diode-pumped ultrafast amplified
laser was used to generate 500 fs light pulses with a wavelength
0f 1030 nm. The pulse repetition rate of the laser was 1 kHz, and
the energy of a single pulse was ~0.1 m]. The near-paralle] FF
beam with a spot size of 4 mm? was propagated along the z-axis
of the periodically poled lithium niobates (PPLNs). The spot size
of the FF beam was decreased to 2 mm?2 by passing it through a
reverse beam expander, comprising L, and L, (f; = 200 mm; f, =
100 mm), to increase the energy density. The beam was passed
through the NPCs; subsequently, a shortpass filter was used to fil-
ter out the near-infrared FF beam, and only the SH of 515 nm was
captured by the CCD camera. We built an imaging system com-
prising a lens (L3) and a CCD camera (Figure 2) with a resolution
of 213 um. The resolution of the CCD camera used in our experi-
ment was 2448 x 2048 pixels, and the area of each pixel was 3.45 x
3.45 pm?”. PPLN samples were fabricated via electric field poling
and used for the experiment without the loss of generality.*}] The
poling direction was along the z-axis of the lithium niobate crys-
tal. In the poling process, the second-order nonlinear coefficient
(x¥) was permanently reversed via application of a high-voltage
pulse to a patterned electrode. Conversely, the linear refractive
index of the NPCs remained constant.

Two identical PPLNs with a poling period of 10.92 pm and
a thickness of 0.5 mm were used in the experiment to demon-
strate the nonlinear moiré effect formed by the nonlinear moiré
superlattice. The nonlinear domain structure of PPLN after etch-
ing with hydrofluoric acid is shown in Figure 3a. The nonlinear
structures were not treated with hydrofluoric acid during the ex-
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periment process; therefore, they could not be effectively detected
using the linear optical method. The nonlinear imaging results
of the two PPLNs were shown in Figure 3b,c. Although the ori-
entation of the domain structures was inferred from the imaging
results, it was difficult to discern the period parameters owing to
the relatively low resolution of the homemade nonlinear imaging
system. The phase change in the SH, induced by the oppositely
polarized domain area, also inhibited optimal structural imaging.
When these two PPLNs were tightly superimposed with angle a,
a nonlinear moiré effect was clearly observed (Figure 3d). When
the rotation angle (@) between the two PPLNs in the experiment
was 6°, the SH period of the nonlinear moiré pattern was 107 pm.
The rotation angle between the two PPLNs was calculated to be
5.85° using Equation (5), which is identical to the experimental
value. These results indicated that the preparation of a standard
nonlinear grating enabled the successful detection of the period
of the PPLN using a relatively low-resolution optical system.

2.3. Nondestructive Detection of NPCs with Super Resolution

Subsequently, two PPLNs with different periods were used to
demonstrate the application of the nonlinear moiré effect for
measurement of the period of the nonlinear structure. We chose
one of the PPLNs with a period 0f 9.27 pm as our standard nonlin-
ear grating. The other nonlinear grating with a period of 8.1 um
was the target detection sample. The thicknesses of the two crys-
tals were 0.5 mm. The individual SH imaging results of these two
PPLNs were identical to those obtained in the first experiment
and were completely indistinguishable in our imaging system.
However, when the two PPLNs were closely superimposed along
the same direction (Figure 4a, « = 0°), the nonlinear moiré pat-
tern was clearly detected along the same direction of two PPLNs
in the experiment (Figure 4e). The period of the detected nonlin-
ear moiré pattern corresponding to the relative angle of 0° was
65.55 um. The periods of the target PPLN were experimentally
determined using Equation (5) to be 8.11 or 10.8 um. The non-
linear moiré patterns corresponding to the relative angles (a) of
0.5°, 4°, and 7.5° are shown in Figure 4b—d, respectively. The the-
oretically derived angles of the nonlinear moiré patterns were 3°
(@ = 0.5°), 26.5° (@ = 4°), and 41.5° (@ = 7.5°), respectively. The
experimentally obtained angles of the nonlinear moiré patterns
(Figure 4f~h) were 3° (a = 0.5°), 25° (@ = 4°), and 42° (a = 7.5°),
respectively, which were consistent with the theoretically derived
angles. The periods of the nonlinear moiré patterns were 64 um
(@ =0.5°), 56.3 pm (a = 4°), and 46 ym (a = 7.5°). The periods
of the target PPLN were calculated, using Equation (5), to be 8.1
or 11.1 uym corresponding to the relative angle of 7.5°. Therefore,
the actual period of the target nonlinear PPLN grating was deter-
mined to be 8.1 um.

To further demonstrate the resolution power of the nonlinear
moiré effect, we calculated the detection range of the optical
system with a resolution of 1 ym (A, = 1pm) to the SH
(Figure 5). The structural directions of these two nonlinear
gratings were identical, i.e., @ = 0° (Figure 5c). The spatial
frequency of the nonlinear moiré pattern can be written as
Fmoire = 1/Apoire = 1/A; — 1/A, using the last term of Equa-
tion (4). If the period parameter A, of the nonlinear grating I
is known, then such a nonlinear moiré pattern can be clearly
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Figure 3. Observation of the nonlinear moiré effect. a) Nonlinear domain structure (A = 10.92 um) image after etching with hydrofluoric acid. b,c) The
nonlinear SH image formed by the two PPLNs and captured using the homemade imaging system with a resolution of 13 um. The structures are
indistinct owing to the low resolution of the imaging system. d) The clearly shown nonlinear moiré effect (A,oire = 107 pm with a rotation angle « = 6°

of the nonlinear moiré superlattice).

(a) a=0° (b)

0=0.5°

50 pm

50 um

(C) a=4° (d)

I

0=7.5°

© )

50 um

50 um

Figure 4. Nonlinear moiré effect changing with varying relative angle («) when two PPLNs have periods A; = 9.27 pm and A, = 8.1 pm. The cases of
the relative angle are, respectively, a) 0°, b) 0.5°, ) 4°, and d) 7.5°. e-h) Experimental results of the nonlinear moiré effect corresponding to the cases of
panels (a)—(d). The periods of the nonlinear moiré patterns are corresponding to 65.55, 64, 56.3, and 46 um, respectively.

observed by limiting the period parameter (A,) of the nonlinear
grating II in the range of A, > M and A, < A’"Lef/\l The
detectable ranges of the nonlinearmg;atilng II period were ;;lotted
against the changing nonlinear grating I period, and the results
for the micro- and nanoscale are presented in Figure 5a and
Figure 5b, respectively. The structure parameter of the nonlinear
grating II was derived according to the period of the nonlinear
moiré effect pattern. Figure 5b shows that the period of the target
nonlinear grating was less than 100 nm. Here, the nonlinear
moiré effect facilitated detection down to even a few nanometers,
provided that several stringent conditions were satisfied. This
indicated that the period of the target nonlinear grating should
be close to the period of the standard grating. It should be noted
that such a nonlinear moiré effect cannot be observed when
A, = A,. However, structural information can still be obtained
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in this case by changing the twist angle («). Nevertheless, this
period of the target nonlinear grating is significantly lower than
the resolution sensitivity of the optical system.

3. Discussion

Light was propagated along the z-axis of the NPCs in the con-
ducted experiments, and the polarization direction of the FF light
was along the x-axis of the target nonlinear grating. According
to the nonlinear coupled wave equation, the electronic field of
the generated SH wave in the standard nonlinear crystal can
be written as E2w) = A(Qw)d,,[sin(2a)é, + cos(2a)e,]. Here, a
represents the relative rotation angle of the standard nonlinear
structure. Therefore, the polarization of the generated SH was
approximately entirely along the y-axis of the standard nonlinear

© 2021 Wiley-VCH GmbH
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Figure 5. Calculation of the detection range for the nonlinear moiré effect in an optical imaging system with a resolution of 1 um. a,b) The cases of
micro- and nanoscale PPLNSs, respectively, in which the nonlinear moiré effect can be observed. c) Formation of the nonlinear moiré effect when two

PPLNs are tightly superimposed along the same direction.

grating. This was attributed to the relatively low rotation angle
in the experiments. It was inferred that a high relative angle ()
between the two nonlinear gratings influences the contrast of the
resulting nonlinear moiré effect. However, this problem can be
solved by choosing an appropriate polarization for the incident
FF light, thereby ensuring that the nonlinear moiré effect is
clearly observed in the experiment. When the thicknesses of two
NPCs are different, the contrast of the moiré fringe is lowered
owing to the different intensities of the generated SH waves in
these two NPCs. However, the generation of the nonlinear moiré
effect is not completely influenced. The FF light was incident
along the z-axis of the NPCs in the present study, which is the
phase mismatching process. Therefore, the increase or decrease
in the thickness of one NPC did not induce any rapid variation
in the SH intensity. This is different from the phase matching
process, where the intensity of the SH signal increases with an
increase in the nonlinear crystal thickness. The minor difference
in contrast of the moiré fringe, owing to the NPC thickness, in
the present experiment can be circumvented via a slight change
in the incident angle of the FF light. The issue can also be
resolved by optimizing the thickness of the standard NPC.

We extended the study of the moiré lattice to the nonlinear
optics, which calls it as nonlinear moiré superlattice. Unlike the
conventional moiré effect, no real grating was used in our ex-
periment, and the observed nonlinear moiré effect was a conse-
quence of the y? nonlinear optical process. More importantly,
the super-resolution nondestructive detection of the NPCs was
achieved using the nonlinear moiré effect. In the future, 1D as
well as 2D or arbitrary nonlinear structures may be detected
using this method. Our proposition is similar to that in previ-
ous studies on super-resolution detection using structured light
illumination.*#*] Therefore, the present study can be treated
as the nonlinear version of the structured light illumination ap-
proach. A periodically poled NPC can be treated as the standard
nonlinear gating, which corresponds to the structured light in
a structured light illumination microscope. Arbitrary nonlinear
structures can then be detected by tightly superimposing them
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on the standard nonlinear gating. The spatial resolution in our
experiment was superior by a factor of 2 as compared to that of
a structured light illumination microscope in linear optics. This
was attributed to the low spatial frequency of the SH wave. In
principle, if a material facilitates an Nth-order harmonic genera-
tion, the reported nonlinear moiré effect induces an N-times in-
crease in the spatial resolution power.

Such a detection method by using nonlinear moiré superlattice
can break the resolution of the optical system, which provides
a wide-field super-resolution detection manner to NPC. This is
the primary difference between the reported detection technique
and detection via the nonlinear Talbot effect.[*’] In previous stud-
ies, such moiré techniques have been applied in some photonic
fields, such as optical tweezers(“! and nonlinear solitons.[*’] Pre-
sumably, the present study is the first to report the application
of such moiré techniques in the field of nonlinear imaging. The
selection of the optimal twist angle in the 2D nonlinear moiré
lattice in future research may result in nonlinear localization.

4, Conclusion

We observed the nonlinear moiré effect originating from the
moiré superlattice of two NPCs in the present experiment. The
enlarged effect of the nonlinear moiré superlattice facilitated the
nondestructive detection of NPCs. The resolution of the demon-
strated approach was superior to that of presently used optical
systems. Furthermore, we theoretically demonstrated the detec-
tion range of the demonstrated method with the prior knowledge
about the period of the standard nonlinear grating. The present
research conceptually extends the conventional moiré lattice to
nonlinear optics, thereby paving the way for new applications
based on the sub-micrometer- and nanometer-scale nondestruc-
tive detection of NPCs using optical microscopes. Our work also
establishes a new field, i.e., NPC moiré superlattices, that will
attract substantial research attention in the future. Not limited
in the domain of photonics, these nonlinear moiré superlattices
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can be extended to other fields where nonlinear effects cannot be
avoided, such as polaritons and Bose—Einstein condensates.
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