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The nonlinear Talbot effect is a near-field nonlinear diffraction phenomenon in which the self-imaging of periodic objects is
formed by the second harmonics of the incident laser beam. We demonstrate the first, to the best of our knowledge, exam-
ple of nonlinear Talbot self-healing, i.e., the capability of creating defect-free images from faulty nonlinear optical struc-
tures. In particular, we employ the tightly focused femtosecond infrared optical pulses to fabricate LiNbO3 nonlinear
photonic crystals and show that the defects in the form of the missing points of two-dimensional square and hexagonal
periodic structures are restored in the second harmonic images at the first nonlinear Talbot plane. The observed nonlinear
Talbot self-healing opens up new possibilities for defect-tolerant optical lithography and printing.
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1. Introduction

Nonlinear photonic crystals (NPCs), also known as periodically
poled ferroelectric crystals, have been widely used to extend the
wavelength range of coherent light sources[1,2]. The NPC fea-
tures a spatial modulation of the second-order nonlinear coef-
ficient, such that optical waves with different frequencies can
exchange their energies efficiently via the so-called quasi-phase
matching[3]. So far, the NPCs have been generalized from simple
one-dimensional (1D) periodic modulation[4] to two-
dimensional (2D) quasi-periodic[5,6], short-range ordered[7,8],
and disordered modulations[9], as well as three-dimensional
(3D) periodic modulation[10–12], enabling multi-channel fre-
quency conversion processes with various spatial and spectral
resonances. The 2D and 3D NPCs constitute an ideal platform
to study new mechanisms and properties of three-wave inter-
actions. For instance, they have been used for observing different
kinds of conical emissions of second harmonics (SHs) via the
scattered fundamental beam[13], the nonlinear Raman–Nath dif-
fraction[14], and the Čerenkov phase matching[15], respectively.
The recent breakthroughs of 3D nonlinearity engineering tech-
niques using femtosecond laser pulses[10,11,16] are opening up
new prospects of NPCs in special light generation, nonlinear

photonic integration, and high-dimensional optical quantum
technologies[17–24].
Nonlinear Talbot self-imaging belongs to one of the most in-

triguing functionalities of NPCs. The original Talbot effect[25,26],
introduced in linear optics, represents self-imaging of a periodic
refractive-index pattern (grating) when illuminated by a light
beam. The self-imaging and replication of the original refrac-
tive-index pattern take place at certain imaging planes in the
near field. Analogously, if the medium has a periodicity in its
second-order nonlinear susceptibility, the SH waves of the inci-
dent laser are diffracted [Fig. 1(a)], and self-imaging can also
take place in the SH (frequency 2ω) instead of the incident
fundamental beam (ω). This effect is called nonlinear Talbot
self-imaging. Since the first, to the best of our knowledge, exper-
imental demonstration in 2010[27], the nonlinear Talbot effect
has been observed in NPCs of various structures, such as 1D
periodic, as well as 2D square and hexagonal lattices[28–30].
The effect was studied not only at integer nonlinear Talbot
planes, but also at fractional planes to fully reveal the evolution
of SH waves in the near field[31,32].
One useful characteristic of the Talbot effect is its capability to

produce defect-free images from imperfect structures, i.e., the
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property known as self-healing. As shown in Fig. 1(b), a defec-
tive grating with one missing element can be self-imaged with-
out an apparent defect[33]. While such capability of image
restoration has been well known in the linear Talbot effect, it
has never been studied in the scheme of nonlinear optics. The
nonlinear Talbot effect has an advantage over its linear analogue
because its spatial resolution in imaging is improved by a factor
of two thanks to frequency doubling. Hence, it may bemore use-
ful for applications that require defect-tolerant properties such
as the defect-free lithography for nanoscale printing[34].
In this Letter, we use the femtosecond laser poling tech-

nique[16] to fabricate LiNbO3 NPCs and demonstrate nonlinear
Talbot self-healing in experiments. Instead of producing a per-
fect periodic structure, we randomly remove a few lattice points
from the 2D square and hexagonal lattices. The near-field non-
linear diffraction experiments show that the missing points are
restored in nonlinear Talbot self-images.

2. Experiments

To fabricate the NPCs, we employ tightly focused femtosecond
infrared optical pulses to invert ferroelectric domains in a z-cut
congruent LiNbO3 crystal. The sizes of the crystal are 5mm ×
5mm × 0.5mm in length, width, and thickness, respectively.
The crystal was mounted on a translational stage that can be

accurately positioned in three orthogonal directions. The infra-
red pulses (150 fs, 800 nm, Mira Coherent) were tightly focused
using an objective lens (NA = 0.65) and incident normally to the
surface of the crystal. The beamwas initially focused on the front
(−z) surface of the crystal. Then, the sample was translated along
the z direction so that the position of the focal region moved
throughout the sample to induce ferroelectric domain inversion.
After this process, the laser beam was blocked by an automatic
shutter, and the sample moved to the next region of domain
inversion. In this way, nonlinear photonic structures with square
and hexagonal lattices were fabricated. Instead of perfectly peri-
odic structures, some of lattice points were missing on purpose
to show nonlinear Talbot self-healing. It should be noted that the
optically induced inverted domains did not penetrate through
the whole thickness of the LiNbO3 crystal. The average length
of these domains is about 20 μm. Their diameters gradually
decrease with the thickness, which may slightly affect the overall
quality of the nonlinear Talbot imaging.
The setup of the nonlinear Talbot experiment is schematically

shown in Fig. 2. A mode-locked Ti:sapphire femtosecond laser
(Vitara Coherent) operating at a wavelength of 810 nm is used as
the fundamental light source. The pulse width is 8 fs with a rep-
etition rate of 80 MHz. The average power of the fundamental
beam was controlled by the combination of a half-wave plate
(HW1) and a polarizer (P). Then, another half-wave plate
(HW2) was used to control the polarization state. Lens L1 (focal
length f = 5 cm) was used to focus the y-polarized fundamental
beam into the sample (S) with a spot size of ∼80 μm, which
propagates along the z axis of the crystal. After being collected
by a 40×microscope objective and filtering out the fundamental
beam by a short-band-pass filter (F), the emitted y-polarized SH
was extracted by a Glan prism (G). Since LiNbO3 crystal has a
space group of 3m (C3V ), only the d22 component contributes to
the SHG in our experimental configuration. Finally, the SH was
collected by the lens L2 (focal length f = 10 cm) and then
recorded by CMOS camera (Prime 95B, Phitimetrics). The
microscope objective (40×) is mounted on a z-translation stage
such that the SH patterns can be recorded at different imaging
planes.

3. Results and Discussion

The experimental results of the nonlinear Talbot effect in the
square lattice are shown in Fig. 3. As a reference, the nonlinear

Fig. 1. (a) SH diffraction from a nonlinear χ(2) grating. The grating has a peri-
odic variation of the sign of the second-order nonlinear coefficient χ(2), which
can generate SH waves with uniform amplitude but periodic phase difference
of π. (b) Illustrating Talbot self-healing, where the initially missing point (#3) is
restored in the first Talbot image plane.

Fig. 2. Experimental setup for nonlinear Talbot self-healing. HW, half-wave
plate; P, polarizer; L, lens; S, nonlinear photonic sample; F, short-band-pass
filter; G, Glan prism; CMOS, CMOS camera.
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Čerenkov microscopic image[35] of the fabricated structure is
shown in Fig. 3(a). The period of the square lattice is 5 μm.
Some lattice points are missing and marked by the yellow
squares in the figure. We chose the patterns exhibiting at the
output surface of the crystal as the object, which is shown in
Fig. 3(b). This image agrees well with the nonlinear Čerenkov
image, with the originally missing points clearly visible. The
SH image recorded at the first nonlinear Talbot plane is dis-
played in Fig. 3(c). It is interesting to see that the missing lattice
points are all restored in this image, demonstrating the self-
healing property of the nonlinear Talbot effect. According to
our measurement, the first nonlinear Talbot plane is located
at a distance of ZT = 120 μm away from the sample’s output
surface, agreeing well with the theoretical prediction of
ZT = 4a2=λ = 123.46 μm[27], where a = 5 μm is the period of the
square lattice, and λ = 0.81 μm is the fundamental wavelength.
The experiment results of the hexagonally poled NPC are

shown in Fig. 4. Nonlinear Talbot self-healing was observed,
with the introduced structure defects restored in the first SH
Talbot plane again. The SHTalbot distance depends on the sym-
metries of the periodic lattice. For a 2D hexagonal lattice, the
nonlinear Talbot distance ZT = 3a2=λ[31]. Taking the lattice
period a = 5 μm, the theoretical nonlinear Talbot distance is
ZT = 92.59 μm. In experiment, the measured distance is
ZT = 95 μm, agreeing well with the calculation.
It is worth noting that nonlinear Talbot self-imaging and self-

healing are strongly dependent on the periodicity of the sample.
Structural defects can be restored only when they are not severe
enough to destroy the structure periodicity. For example, an

NPC with a sunflower seed pattern was also tested in experi-
ments. The sunflower spiral has no periodicity in its structure
[Figs. 5(a) and 5(b)]. Therefore, we did not observe the nonlin-
ear Talbot self-healing with this structure. In experiment, the SH
near-field diffraction from the sunflower pattern led to only

Fig. 3. (a) Čerenkov SH microscopic image of the fabricated NPCs with a
square lattice. Several lattice points are missing on purpose to serve as
the structural defects (marked by the yellow squares). (b) The ferroelectric
domain structure imaged on the output surface of the NPC. (c) The SH self-
image at the first nonlinear Talbot plane. The missing lattice points are all
restored, indicating the nonlinear Talbot self-healing.

Fig. 4. (a) Čerenkov SH microscopic image of the hexagonally poled LiNbO3
NPCs. The designed defects are several missing lattice points located ran-
domly throughout the sample (marked by the yellow hexagons). (b) The ferro-
electric domain structure imaged on the output surface of the NPC. (c) The SH
self-image at the first nonlinear Talbot plane, with the missing points being
restored.

Fig. 5. (a) Čerenkov SH microscopic image of the LiNbO3 NPC with sunflower
seed pattern. (b) The ferroelectric domain structure imaged on the output
surface of the crystal. (c), (d) The SH near-field diffraction patterns imaged
at distances of 20 μm and 50 μm from the sunflower pattern.
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blurred images, which got even worse with the increasing imag-
ing distance, as shown in Figs. 5(c) and 5(d).

4. Conclusion

In summary, we have employed tightly focused infrared femto-
second laser pulses to fabricate the LiNbO3 NPCs with square
and hexagonal lattices. The structure defects of randomly miss-
ing lattice points that are intentionally introduced are well
restored in the SH Talbot self-images. Nonlinear Talbot self-
healing offers a way to construct defect-tolerant devices, which
are highly desirable in applications like optical lithography and
nanoscale printing. It works perfectly with periodic χ�2� struc-
tures, but is incapable of dealing with disordered patterns.
The resolution of nonlinear Talbot imaging is defined by the dif-
fraction limit at the SH frequency. Our study also indicates that
nonlinear Talbot self-healing has to be taken into account when
using it to diagnose the structures of NPCs.
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