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Nonlinear photonic crystals are microstructures with quadratic nonlinearity (χ (2)) that have been extensively used for
the generation and control of coherent light at new frequencies. Thanks to the recent invention of 3D χ (2)-nonlinearity
engineering techniques using femtosecond laser pulses, studies of intense light interaction with 3D nonlinear photonic
crystals are now experimentally feasible. Here we review the latest research advances in nonlinear photonic crystals,
focusing especially on the fabrication, characterization, and application of 3D structures. We also discuss the future
development of 3D nonlinear photonic crystals with properties and functionalities that are either difficult or virtually
impossible to achieve with lower dimensional structures. © 2021 Optical Society of America under the terms of the OSA Open

Access Publishing Agreement

https://doi.org/10.1364/OPTICA.416619

1. INTRODUCTION

The process of second-harmonic generation (SHG), in which the
strong pump beam excites nonlinear response of the dipoles in the
medium (nonlinear polarization) that acts as a source of new wave
at doubled frequency, constitutes one of the most fundamental
nonlinear optical effects. In fact, its first experimental demonstra-
tion in 1961 by Franken et al . [1] is now commonly considered as
the birth of experimental nonlinear optics. From its inception, this
and other parametric frequency conversion processes have contin-
uously been a subject of intensive research efforts. This interest is
driven by many already existing and potential applications that rely
on the capability of frequency conversions to provide high quality,
purity, and stability in light sources at new frequencies. They are
being used in a variety of applications ranging from laser pointers,
high-energy laser sources, laser material processing, standard and
nonlinear optical microscopies [2], and optical signal processing
[3] to quantum communication, quantum sensing, and quantum
computing [4]. Various frequency conversion processes, including
sum and difference frequency generations, have been demon-
strated in optical materials with second-order (χ (2)) nonlinearity,
including ferroelectric crystals [5] and semiconductors [6,7], as
well as certain isotropic media such as glass, where the material’s
symmetry was broken by using, for example, a DC electric field [8].

As Armstrong et al . pointed out in their influential 1962 paper
[9], the efficiency of the frequency conversion process depends
critically on the so-called phase mismatch, i.e., the difference
between the phase velocities of the nonlinear polarization and
that of generated optical wave(s). In the case of SHG, the phase
mismatch (1Ek) is represented by a simple relation between

wave vectors of the fundamental (Ek1) and second-harmonic (Ek2)
beams: Ek2 − 2Ek1 =1Ek. The electromagnetic energy oscillates
between interacting waves if these phase velocities differ, i.e.,
1Ek 6= 0. The period of these oscillations, known as the coherence
length lc , is governed by the dispersion of the medium such that

lc = π/|1
⇀

k | = λ0/[2(n2ω − nω)], where λ0 is the fundamental
wavelength in vacuum and nω, n2ω are refractive indices of the
fundamental and second-harmonic waves, respectively. When the
phase velocity of nonlinear polarization and the second-harmonic
beam coincide, i.e., when the process is phase-matched (1Ek = 0),
the electromagnetic energy flows monotonically from the pump
to the generated wave. Because of natural optical dispersion of
homogeneous nonlinear crystals,1Ek is never zero for waves of the
same polarization.

In their fundamental work, Armstrong et al . proposed a few
methods to overcome the dispersion hurdle so that the phase-
matching condition could be fulfilled [9]. For instance, the
so-called birefringence phase matching involves interaction of
waves with orthogonal polarizations and taking advantage of
optical anisotropy of the medium to ensure fulfillment of the
phase-matching condition.

Another approach, which is applicable to anisotropic as well
as isotropic media, is based on the periodic modulation of the
sign of quadratic nonlinearity χ (2). In fact, this idea constitutes
the concept of the so-called quasi-phase matching (QPM). Here
the spatial modulation of quadratic nonlinearity, or nonlinearity
grating with periodicity 3, gives rise to reciprocal wave vectors
EGm (quasi momentum), which represent Fourier components
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Fig. 1. Schematic illustrations of (a) 1D, (b) 2D, and (c) 3D NPCs, focusing on one of the advantages for 3D configuration, i.e., enabling multichannels
of parametric processes with various spatial and spectral resonances.

Fig. 2. Several typical experiments in 2D NPCs. (a) Conceptual structure of a 2D NPC [13]; (b) phase-matching configuration in a hexagonally-poled
NPC [19]; (c) and (d) present conical SHG via scattering of fundamental beam and nonlinear Raman–Nath diffraction from hexagonal and ring-
shaped domain structures, respectively [21,22]; (e) SH vortex beam from a 2D χ (2)-modulated structure [24]. Reproduced from [13,19,21,22,24] with
permission.

Table 1. Comparison of Laser-Induced χ (2) Erasure
and χ (2) Inversion Approaches

Laser Parameters

Pulse Energy
Repetition
Frequency

Conversion
Efficiency

Applicable
Materials

χ (2)

erasure
∼100−200 nJ 1 kHz η ferroelectric

crystals, optical
isotropic materials

χ (2)

inversion
∼3 nJ 76 MHz 4η ferroelectric

crystals

of the nonlinearity variation and Gm = 2mπ/3, with m being
an integer. The reciprocal vectors contribute to the wave interac-
tion and consequently modify the phase-matching relation. In
the case of SHG, the new phase-matching condition now reads:
Ek2 − 2Ek1 − EGm = 0. As this relation shows, the phase matching
can now be fulfilled by incorporating periodicity of the nonline-
arity of the medium. The introduction of such a QPM technique,
with its easy implementation in ferroelectric crystals [10–12], has
made an enormous impact on the advancement of the research in
this field.

Starting from the simplest case of 1D χ (2) grating, Berger, in
his seminal paper, introduced the entirely novel concept of the

nonlinear photonic crystal (NPC) (Fig. 1) [13]. In analogy with its
linear counterpart, whose spatial refractive index modulations con-
trol the ways the light propagates and behaves [14,15], the NPC
features spatial periodic modulation of quadratic χ (2) nonlinear-
ity, maintaining a constant refractive index. While the photonic
crystal determines linear light propagation, the NPC controls
the properties of nonlinear optical interaction. In particular, by
making use of QPM, the NPC introduces spatial and spectral
resonances into nonlinear interactions, so efficient emissions of
new frequencies can take place along particular spatial directions
and only for specific wavelengths. In this context, the simplest
nonlinearity grating is just 1D NPC. Going over to nonlinear
structures in 2D [Fig. 2(a)], the nonlinear frequency emission
conditions are determined not only by basic symmetry of the
structure, but also through additional channels involving higher-
order QPM processes [Fig. 2(b)] [16–19]. Another, even more
relevant, significance of the NPCs lies in their ability to shape the
wavefronts of generated waves. To this end, the structure of NPC
involves spatially variant nonlinearity distribution, which con-
trols the amplitude shapes of generated waves at new frequencies
[Figs. 2(c)–2(e)] [20–24]. This property is important in nonlinear
spatial modulation, nonlinear microscopy, and optical tweezers.
It has been shown recently that the NPC can play an important
role in controlling quantum aspects of frequency conversion. For



Review Vol. 8, No. 3 / March 2021 / Optica 374

instance, the NPCs may allow fabrication of efficient sources of
entangled photons in parametric downconversion with spatially
engineered characteristics [25,26].

When originally introduced by Berger in 1998, the exploration
of NPC was restricted to one and two spatial dimensions because
at that time there was no known technique that could be used to
modulate χ (2) nonlinearity in three spatial dimensions. On the
other hand, it has been well appreciated that going over to 3D
would enormously expand the capabilities of NPCs [13,27–29].
It would, in fact, allow one to create a nonlinear photonic chip
in which, by varying the angles and directions of incident waves,
one could control the strength and type of nonlinear interaction.
Furthermore, the 3D NPCs could enable the realization of true
3D nonlinear volume devices that combine efficient frequency
conversion with spatial sculpturing of generated waves in three
dimensions (see Fig. 1 for an example).

After almost three decades of intense efforts devoted to non-
linearity controls in quadratic media, two distinct breakthrough
techniques, offering actual 3D nonlinearity engineering, have been
recently developed [30,31]. They both employ material processing
with ultrafast light pulses. In the first approach, the focused pulsed
laser beam causes partial destruction of crystalline structure of the
material in the focal region, effectively lowering the strength of
quadratic nonlinearity in the local areas [30]. The second approach
uses tightly focused femtosecond pulses with the peak power
below the damage threshold to locally invert spontaneous polari-
zation of the ferroelectric medium. This leads to the formation of
local, micrometer-size ferroelectric domains with the sign of the
second-order nonlinearity χ (2) reversed as compared to that of the
surrounding crystal [31]. By using either approach, one can scan
the nonlinear medium in any spatial locations, efficiently creating
desired 3D χ (2) nonlinearity patterns, which constitute the elusive
3D NPCs [32].

In addition to the unique capability for 3D engineering of
optical nonlinearity, ultrafast laser writing is also a promising
fabrication technique for linear photonic devices, owing to its ver-
satility to directly create complex structures such as refractive-index
gratings, waveguides, and optical microcavities with fine precision
[33–35]. The direct laser writing technique has been employed in
a wide range of materials, including crystals, glasses, and polymers
for various applications. The recent extension of the technique
to various ferroelectric crystals paves the way to achieve mono-
lithic fabrication of 3D nonlinear integrated photonic devices for
all-optical communication and on-chip signal processing.

In this mini-review, we will first go over the recent advances in
fabricating NPCs with the above mentioned femtosecond laser
methods, then discuss the characterization techniques for 3D
NPCs, and finally give several examples of unique applications of
3D χ (2) structures in the generation and control of coherent light
waves at new frequencies. At the end we discuss some new potential
research directions which may benefit from these newly generated
3D NPCs.

2. ALL-OPTICAL FABRICATIONS OF NPCs

A. Laser χ (2) Erasing Approach

By using a focused femtosecond laser beam to selectively erase
χ (2), a 3D LiNbO3 NPC was first experimentally realized by Wei
et al . in 2018 [30]. Figure 3(a) shows a microscopic image of the
obtained 3D structure. The aim of such laser erasing technique is

Fig. 3. Nonlinear microscopic images of (a) 3D NPCs fabricated
in a LiNbO3 crystal by femtosecond laser erasing of the second-order
nonlinearity χ (2) [30] and (b)–(d) 2D and 3D NPCs fabricated
by domain inversion in LiNbO3 [43], Ba0.77Ca0.23TiO3 [31], and
Ca0.28Ba0.72Nb2O6 crystals [46], respectively. These images are obtained
using the Čerenkov SH microscopy. Reproduced from [30,31,43,46]
with permission.

quite different from the traditional NPC fabrication techniques.
Instead of trying to invert ferroelectric domains, the laser param-
eters are optimized to selectively erase the nonlinear coefficient(s)
of the LiNbO3 crystal. The strong light–matter interaction will
lower the crystallinity of the LiNbO3 crystal and therefore erase or
reduce χ (2) locally. As shown in [30], the local second-harmonic
(SH) signal from the central laser-erased area can be suppressed to
as low as∼20% of its original value.

With the χ (2)-erasing method, 3D LiNbO3 NPCs that are
capable of nonlinear beam shaping were also fabricated [36,37].
The light source used was a mode-locked Ti:Sapphire femtosec-
ond laser system with a regenerative amplifier (such as Legend
Elite-1K-HE Coherent). Typically, the pulse width is 100 fs, the
repetition rate is 1 kHz, and the working wavelength is 800 nm.
Depending on the fabrication depth, the writing pulse energy
ranges from 100 to 200 nJ, and the scanning speed varies between
50 and 100 µm·s−1. The fabrication precision is determined by
the size of the focal spot inside the crystal, which is approximately
1.2 and 5 µm in the transverse and axial directions, respectively.
Note that the laser-writing parameters (pulse energy, velocity,
etc.) for χ (2) erasure are critically dependent on the characteristics
of the crystals, varying significantly among, e.g., the congruent,
MgO-doped, and stoichiometric LiNbO3 crystals.

This laser χ (2)-erasing technique can be traced back to two
pioneering works. In 2013, Thomas et al . [38] used femtosec-
ond laser pulses to reduce the nonlinear coefficients of an x -cut
LiNbO3 crystal and produced both 1D and 2D QPM structures.
In 2015, Kroesen et al . successfully fabricated an NPC waveguide
with periodically laser-erased χ (2) in a z-cut LiNbO3 crystal [39].
Recently, the same technique was also extended to the fabrication
of surfaceχ (2) structure on a birefringence phase-matching crystal,
which was utilized for high-efficiency nonlinear beam shaping
[40] and nonlinear holography [41]. In these works, the nonlin-
ear crystal was cut at a specific angle to fulfill the birefringence
phase-matching condition, while the amplitude-modulated χ (2)

structure was laser-written on the crystal surface to satisfy the
transverse Raman–Nath-type phase matching.
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Fig. 4. Dependences of SH field on various phase-matching
configurations.

The unique advantages of the laser-erased fabrication of 3D
NPCs can be summarized in three main points. First, the experi-
mental requirements for the laser-erasing technique are relatively
easy to satisfy. In principle, the method requires the laser pulse
energy to be above the damage threshold of the nonlinear crystal.
Second, this technique provides a feasible way to fabricate 1D,
2D, and 3D NPC structures in the most commonly used non-
linear crystals at arbitrary locations and geometric orientations.
Considering that it is still difficult to realize 3D domain inversion
inside many single-crystal nonlinear materials, this technique
could be particularly useful for LiNbO3, BBO, and KTP crystals.
In addition, the χ (2)-erasing approach can be used to engineer
nonlinear optical response in materials other than ferroelectrics.
For instance, the generation of higher harmonics in the ultraviolet
in laser-processed quartz has been demonstrated recently [42].

In the NPCs formed via laser χ (2) erasure in a LiNbO3 crystal,
the amplitude of the second-order nonlinear coefficient varies
periodically, but its sign remains the same. Therefore, the QPM
interactions are obtained via its amplitude modulation, rather
than the phase modulation in the periodically poled LiNbO3

crystals. Considering an ideal periodic χ (2) reduction, i.e., χ (2) is
completely erased in the laser-exposed areas, the SH field increases
over the first coherent length, remains unchanged over the second
one, and then its energy increases again. Although it is less efficient
than that in a traditional periodically poled nonlinear crystal,
the conversion efficiency in such an χ (2)-erased LiNbO3 crystal
is still significantly enhanced in comparison to the nonphase-
matching cases. For a quantitative comparison, the calculated
second-harmonic intensities versus the interaction distance are
presented in Fig. 4 for the χ (2) erasure and χ (2) inversion schemes,
respectively.

B. Laser-Induced Ferroelectric Domain Inversion

The femtosecond infrared light-induced inversion of ferroelec-
tric domains was first demonstrated in z-cut congruent LiNbO3

crystal [43]. The illumination of the crystal with tightly focused
infrared pulses at 800 nm (Coherent Mira, repetition rate of
76 MHz, pulse duration 180 fs) led to the appearance of inverted
domains in the focus area of the laser beam. Pushing the focus
down along the crystal’s depth direction facilitated formation of
long domains, extending from the surface up to 100 µm deep in
the LiNbO3 crystal [Fig. 3(b)]. This is advantageous, since the
earlier optical poling with UV light produced very thin and shallow
domains (usually 1–2 µm starting from the surface) because of
the strong UV absorption [44]. The quality of the near-infrared
laser-induced domain inversion was also confirmed by producing a

10 mm long QPM structure (with a period of 2.45µm) to generate
the SH wave with a measured conversion efficiency of 17.5%
[45]. The short pulse domain inversion does not introduce any
additional propagation losses for both fundamental and SH waves.
The measured average loss caused by the laser-inscribed periodic
domain structures in the congruent LiNbO3 crystal was below
0.06 dB/cm [45].

The near-infrared short pulse poling enables 3D ferroelectric
domain patterning in the bulk of ferroelectric crystals. In 2018, a
simple tetragonal ferroelectric domain structure with a period of
15× 15× 64 µm was realized in an x -cut barium calcium titanate
(BCT, Ba0.77Ca0.23TiO3) crystal [31] [Fig. 3(c)]. Compared with
the LiNbO3 crystal, the BCT has a much lower coercive field,
so it is easier to form localized inverted domains in this crystal.
Even though the first example of 3D domain structures contained
only several QPM periods, it has enabled efficient control of the
Čerenkov SH emission (both angle and strength) based on its
unique distribution of reciprocal lattice vectors in 3D configura-
tion. Very recently, 3D multilayer domain structures have been
fabricated in the z-cut Ca0.28Ba0.72Nb2O6 (CBN) crystals [46].
Figure 3(d) shows an example of the three-layer structure con-
taining fork, linear grating, and circular grating, domain patterns
designed for nonlinear wavefront shaping. The transverse period
of these structures is 2µm, which can be further improved to reach
submicrometer scale by optimizing the laser-writing conditions.

The near-infrared short pulse poling method relies on nonlinear
absorption of light in the optical beam’s focal volume, which, in
turn, induces a high temperature gradient and the appearance of
a thermoelectric field to locally invert the direction of the spon-
taneous polarization [31,43,47,48]. This physical process is very
similar to the UV light poling, except that the nonlinear instead
of linear absorption is employed in the former case. The light-
induced thermoelectric field is a simplified and straightforward
model that can explain the most experimental observations, but
it needs further improvement to clarify all the puzzles. In fact, the
ferroelectric domain inversion formed by high-intensity infrared
laser pulses is a complex physical process involving, in addition
to formation of thermoelectric field, many other factors, such as
pyroelectric effect, bulk screening, and the presence of free charges.
Also, differences between ferroelectric crystals may also play a
role. Complete understanding of the all-optically induced ferro-
electric domain inversion process does certainly require further
investigations.

C. Differences in Experimental Conditions between the
Laser-Induced χ (2) Erasure and χ (2) Inversion
Approaches

The laser-induced χ (2) erasure and χ (2) inversion approaches
are based on two different physical mechanisms, i.e., crystallinity
reduction and light-induced electric field poling, respectively,
which decide that the fabrication strategies are quite different.
For example, the laser χ (2) erasing approach typically uses higher
pulse energies and lower repetition rates as compared to the laser
χ (2) inversion method. In comparison to a χ (2)-erased NPC, the
χ (2) modulation depth in a χ (2)-reversed NPC is doubled, and
the conversion efficiency is quadrupled correspondingly. Notably,
the laser χ (2) erasing approach can be applicable to materials other
than typical ferroelectric crystals. The differences in laser writing
conditions between these two methods are summarized in Table 1.
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3. CHARACTERIZATIONS OF 3D NPCs

The traditional chemical selective etching method works well to
visualize ferroelectric domain structures at or close to surfaces, but
it is less useful when 3D structure visualization is required. While
part of the crystal can be removed to access the target domain
structure, this method is destructive. So far, the Čerenkov SH
microscopy [49] and the QPM-based approach have been used in
diagnostic of 3D structures fabricated by both methods discussed
above [30,31,36,46]. As an essential complement, piezoresponse
force microscopy (PFM) is used for confirming the ferroelectric
domain inversion [50,51], and the micro-Raman scattering and
transmission electron microscope (TEM) are used for analysis of
χ (2) reduction [30].

A. Čerenkov SH Microscopy

The Čerenkov SH microscopy is a straightforward way to visualize
the spatial χ (2) variation inside a nonlinear crystal. The Čerenkov
SH signal is emitted along a specific angle defined by the longi-
tudinal phase-matching condition, and it gets much stronger in
the region of sharp χ (2) modulation, i.e., at the interface between
different χ (2) signs (ferroelectric domain wall) or χ (2) amplitudes
[52,53]. 3D visualization of nonlinear photonic structures is
obtained by scanning a tightly focused fundamental beam across
the sample and recording the corresponding Čerenkov SH signal
at each position [49]. Čerenkov microscopy is a nondestructive
imaging method, producing high-contrast images and offering
an exceptional spatial resolution as a result of the second-order
nonlinear process (see Fig. 3).

Čerenkov SH microscopy provides an important tool to
visualize domain structures created by the electric-field poling.
However, it may not be sufficient to fully determine the physical
properties of the laser-induced structures. The point is that both

domain inversion and χ (2) erasure can lead to Čerenkov harmonic
emission. Besides, the intense light pulses can also lead to other
effects such as refractive index variation of the crystal. To clar-
ify these issues, PFM is generally used in the scheme of domain
inversion. PFM is a variant of atomic force microscopy (AFM),
which provides a direct way to determine the orientation of ferro-
electric domains [50,51]. It works on the converse piezoelectric
effect of ferroelectric crystals, i.e., with an applied electric field,
the ferroelectric domains will expand or shrink depending on the
polarity of the former. A typical PFM image of the ferroelectric
domain structure created by femtosecond laser writing is shown in
Fig. 5(a).

To characterize the 3D NPC fabricated using laser erasure of
χ (2), micro-Raman scattering and TEM are used as two standard
methods for analyzing the crystallinity of the crystal. The intensity
of the Raman peak is a function of the polarizability of the molecule
excited by an external field. As shown in Fig. 5(b), the Raman reso-
nance peaks in the laser-erased area are significantly suppressed in
comparison to the original ones. This indicates a strong restriction
on the vibrational degrees of freedom of the molecule, which can
be attributed to the reduced crystallinity in the fabricated area, also
an indication of χ (2) reduction. The TEM diffraction works in a
similar way. It shows sharp diffraction peaks in the nonprocessed
area, but the peaks become vague when moving to the processed
area [see Fig. 5(c)]. In principle, for an ideal structure with a com-
pletely erased χ (2), both Raman peaks and TEM diffractions will
disappear in the laser-processed areas.

It is worth noting that theχ (2)-erased structure can also be visu-
alized by the common SH microscopy owing to the reduced
amplitude of χ (2) in the laser-written areas [30]. However,
Čerenkov SH microscopy offers much better signal-to-noise
ratio, resolution, and sensitivity because the longitudinal phase-
matched nonlinear Čerenkov signal is much stronger than the

Fig. 5. Characterization approaches for the 3D NPCs. (a) Typical PFM image of laser-engineered ferroelectric domain structure in a Ca0.28Ba0.72Nb2O6

(CBN) crystal; the optically inverted domains distribute as a square lattice. The random orientation of ferroelectric domains in the surroundings correspond
to the naturally random domain structure of the host CBN crystal. (b) The micro-Raman scattering and (c) TEM to analyze the χ (2)-reduced structures.
The Raman peaks get weaker, and the TEM diffraction pattern turns vague with the reduction of χ (2) amplitude. (d) The variation of nonlinear diffraction
pattern from a multiplayer 3D NPC with the fundamental wavelength [46]. The first-order nonlinear Raman–Nath diffraction (in the horizontal direction)
is the strongest at a fundamental wavelength of 1300 nm, but the second-order diffraction becomes much stronger at 1100 nm (because the second-order
diffraction coincides with the Čerenkov SH angle now). The variation of the relative strength of diffraction orders with wavelength is a unique feature of
nonlinear interaction caused by periodicχ (2) modulation. The figure is reprinted with permission from [30].
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forward mismatched harmonic beam that is used in the latter
case [54].

B. QPM-Based Characterization Approaches

The observation of QPM-related nonlinear optical effects is an
alternative type of approach for confirming the χ (2) modulation
induced by the laser pulses. These nonlinear optical effects occur
because of the periodic modulation of χ (2), so they can be used to
characterize both χ (2)-reversed and χ (2)-reduced 3D structures.
A difference is that the conversion efficiency of these nonlinear
effects are usually higher in the χ (2)-reversed scheme where the
Fourier coefficient is stronger [Fig. 4]. One straightforward way is
to produce a periodic QPM structure and check if the SH signal
is stronger than that from the nonengineered areas. This process
usually involves fabrication of a long structure with many peri-
ods, which is time-consuming for the laser-writing procedure.
It is known that the nonlinear frequency conversions can also
occur with fulfillment of only transverse or longitudinal phase
matching conditions, which are called nonlinear Raman–Nath
diffraction [22] and nonlinear Čerenkov radiation [52], respec-
tively. Therefore, more convenient ways are available by observing
the influence of these two kinds of nonlinear emissions by the
laser-induced 3D patterns.

One possibility is to observe the variation of the nonlin-
ear Raman–Nath diffraction pattern with the fundamental
wavelength. In this case, the fundamental beam propagates per-
pendicularly to the χ (2) modulation, and the diffracted SH wave
can be obtained in a way similar to the linear diffraction from a
refractive-index grating. If the SH diffraction is indeed caused by
the χ (2) modulation, the strongest diffraction will appear at higher
orders coinciding with the Čerenkov SH angle [Fig. 5(d)]. On
the contrary, the relative strength of different diffraction orders is
independent of the wavelength if it is a linear optical process, i.e.,
caused by the periodic variation of refractive index of the crystal.

The other way is to compare the nonlinear Čerenkov radiation
from laser-engineered and nonengineered areas. Note that here
the Čerenkov SH is generated with a loosely focused fundamental
beam covering many χ (2) periods, while in Čerenkov second-
harmonic microscopy, the fundamental beam is tightly focused
to cover a single domain wall. Due to the χ (2) periodicity, the
intensity of the Čerenkov second-harmonic signal is sensitive to
the fundamental wavelength, i.e., it shows resonant peaks with the
wavelength tuning [55,56]. Moreover, being dependent on the
participation of reciprocal lattice vectors along the propagation
directions of fundamental beam, the Čerenkov SH may be emitted
at bigger/smaller angles, determined by k2 cos θ = 2k1 + Gh , with
Gh being the reciprocal lattice vector in the propagation direction
of the fundamental beam [31].

4. APPLICATIONS OF LASER-ENGINEERED NPCs

A. QPM Structures for Efficient Frequency Conversion
in Atypical Interaction Geometries

The laser engineering of nonlinear coefficient χ (2) offers a number
of exciting applications. The primary and most obvious applica-
tion is to provide an alternative route to standard electrical poling
in fabrication of QPM structures, as the latter is a rather cumber-
some process combining few complex steps such as lithography for
electrodes patterning and high-voltage application for the domain

reversal. The laser-writing approach can deliver the same outcome
in just one step. The χ (2) modulation can be conducted at any
stage of nonlinear circuit fabrication, as long as the area of interest
is accessible for the laser beam. Furthermore, the laser-writing
approach allows one to create nonlinear structures in thick samples
where standard electrical poling is not possible due to the high
value of the coercive field, such as in LiNbO3, where>20 kV/mm
coercive field restricts practical material thickness to hundreds of
micrometers. In particular, it has been shown that laser-induced
local damage in the ferroelectric crystals may stimulate inception
and growth of inverted domains up to the opposite surfaces of the
crystal, allowing for the formation ofχ (2) patterns [57]. Moreover,
multiple QPM structures of various complexity and periods
could be imprinted at will in different locations of the same crystal
[46], a feature that is hard to achieve with the standard electrical
poling technique. It also enables one to create spatially confined
nonlinear structures at different depths of the same sample inside
already existing refractive index structures such as waveguides.
For instance, various nonlinear gratings were imprinted in laser-
written waveguides in LiNbO3 crystal [37]. In addition, the
laser-beam-writing approach can be employed in nonstandard
geometries where the use of electrical poling is either extremely
difficult or virtually impossible, such as in x -cut crystals [31].

B. 3D NPCs for Simultaneous Wave Interaction and
Nonlinear Data Processing

The significance of laser-based χ (2) modulation lies in its ability
to arbitrarily modulate the nonlinearity in almost any locations
inside the ferroelectrics. In this way, one can create 3D χ (2) struc-
tures of various symmetries. Such 3D nonlinearity patterns can be
employed for realization of nonlinear parametric interactions in
many directions, taking advantage of spatially dependent perio-
dicity and strength. The basic proof-of-principle demonstrations
have already been carried out by creating the first 3D NPCs in
BTC and LiNbO3 crystals [30,31]. These simple structures of
rectangular symmetry have enabled fulfilment of phase-matching
conditions of nonlinear optical interactions along various spatial
directions [Fig. 6(a)] and offered unique flexibility to control
optical emissions at new frequencies, such as to steer the nonlinear
Čerenkov radiation to any spatial direction [Fig. 6(b)]. The advan-
tage of utilizing 3D structures was further confirmed by creating
multilayer χ (2) patterns overlapping in transverse dimension but
located at different depths in the medium for dynamical control
of the SH emissions by tuning the focus location inside the crystal
[Fig. 6(c)] [46].

C. Applications in Nonlinear Beam Shaping:
Generation of Structured Light Beams and Nonlinear
Volume Holograms

Spatial nonlinear structures involving 3D complex patterns can
be also used for the nonlinear wave shaping, when the nonlinear
interactions lead to generation of new frequencies (e.g., SHs) with
predesigned intensity and phase profiles. Multiple optical vortices
and higher-order Hermite–Gaussian beams have been generated
in simple laser-induced structures [30,40,46,58]. With improved
resolution and minimized scattering losses, the technique allows
one to create nonlinear volume holograms for efficient frequency
conversion combined with wavefront shaping for potential
applications in optical processing, quantum entanglement, etc.
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Fig. 6. (a) Simultaneous SHG along different directions in a LiNbO3

NPC. The figure is reprinted with permission from [30]. (b) The gener-
ation of multiple Čerenkov SH rings in a 3D BCT NPC. The strengths
and emission angles of these rings are adjustable thanks to the 3D χ (2)

modulation. The figure is reprinted with permission from [31]. (c) A
two-layer CBN crystal for dynamical generation of SH waves. When the
focus of the fundamental beam moves from the top (χ (2) fork structure)
to bottom (χ (2) grating) domain pattern, the generated SH waves change
from (d) vortex beams (e) into Gaussian beams. The figures are reprinted
with permission from [46].

The nonlinear volume holography works analogously to its
linear counterpart, but it enables reconstruction of object wave
at a frequency different from the input one as a consequence of
χ (2) modulation. It has a form of interference pattern between the
polarization wave with twice the fundamental frequency 2ω and
the SH wave with a predesigned wavefront, which is then binarized
and recorded asχ (2) modulations in a nonlinear crystal. Due to the
lack of techniques that are capable of 3D χ (2) engineering, most of
the previous studies of nonlinear holography were restricted to 2D
structures with a rather low efficiency. In fact, these 2D schemes
represent thin rather than volume holograms. While the principle
of nonlinear volume holography was demonstrated in 2014 [59],
the real nonlinear volume holograms were realized only after the
discovery of 3D χ (2) engineering with near-infrared femtosecond
laser pulses [60]. The design, fabrication, and nonlinear recon-
struction of a 3D nonlinear volume hologram for a SH vortex
beam are shown in Fig. 7 as an example. In principle, the nonlinear

volume holography in 3D NPCs provides a universal approach for
efficient generation of structured light beams at new frequencies.

D. 3D Ferroelectric Domain Structures for Synthesis of
Gauge Fields

It has been shown recently that the equations governing nonlinear
parametric interaction are mathematically equivalent to quantum
mechanical formalism, describing the dynamics of spin particles
in spatially varying magnetic fields [61–63]. These gauge fields are
represented by spatially complex nonlinearity patterns. Because
of electrical poling restrictions, only simple processes have been
experimentally realized so far. Employing the potential for making
arbitrary patterns with 3D laser-induced χ (2) modulation offers
an unique opportunity to create nonlinear structures that could
mimic 3D complex magnetic and electric fields for realization of
optical analogs of subtle quantum mechanical phenomena.

5. CONCLUSION AND OUTLOOK

3D NPCs appear to be indispensable in nonlinear optics and
advanced photonics to control nonlinear interacting waves in
entire space. In experiment, 3D NPCs with tetragonal, periodic
fork, and multilayer structures have been tested in SHG proc-
esses, in which the generated multiple SH signals well confirm
the 3D QPM theory. It is expected to accomplish more advanced
tasks including high-density data security storage and nonlin-
ear multiplexing holography, demanding precise fabrication of
more complicated 3D χ (2)-modulated structures such as the
quasi-crystal structure and chirped pattern. In addition, so far only
the simplest SHG process has been demonstrated in 3D NPCs.
With one more pump wavelength, one can realize sum-frequency
generation, difference-frequency generation, and even terahertz
generation with predesigned beam profiles. Also, 3D NPC is
capable of mediating optical parametric downconversion, includ-
ing optical parametric oscillator (OPO) and optical parametric
amplifier (OPA) processes, which can be further extended to quan-
tum optics, as will be discussed below. The cascaded χ (2) effect
is another interesting direction, considering that 3D NPCs can
provide abundant channels for nonlinear cascading in 3D space.

1D and 2D NPCs have been proven to be important and
efficient in producing quantum entanglements in energy-time,
polarization, spatial mode, and path. The experimental realization

Fig. 7. (a) Illustrating the concept of nonlinear volume holography. The interference pattern between the nonlinear polarization wave at frequency 2ω
(reference beam) and the SH wave with a predesigned wavefront (objective beam) is recorded as a binaryχ (2) modulation pattern inside the 3D NPC. When
such a crystal is illuminated by the fundamental wave, reconstruction of the SH beam is obtained. (b) An experimental example of nonlinear volume holo-
grams created by interfering a polarization Gaussian wave and the SH vortex beam in a CBN crystal; (c) experimentally recorded far-field image of the SH
vortex generated from the nonlinear volume hologram in (b); the figures are reprinted with permission from [60].
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of 3D NPCs can push these applications in quantum optics and
quantum technologies to a higher level. Since the full QPM condi-
tions and wavefront modulation can be simultaneously achieved,
it should be possible to realize high-dimensional entanglements in
3D NPC devices. For example, entanglement of orbital angular
momentum (OAM) states was typically realized by adding a spa-
tial light modulator to sort the OAM states [64]. Now, the same
functionality can be readily realized in a periodic 3Dχ (2) fork-type
grating. Recently, a 100-path photon–pair source was reported
in a hybrid device of a metalens array and BPM crystal [65]. 3D
NPC offers the opportunity to integrate these functions into a
single crystal. In addition, as the femtosecond laser fabrication
method for 3D NPCs is fully compatible with the existing optical
fabrication techniques, including the ultrafast laser writing of
waveguides, microdisks, and other complex micro/nano refractive
indices, one can easily combine the newly developed 3D QPM
structures and 3D waveguide arrays to achieve powerful integrated
3D photonic devices for quantum information processing and
quantum communications.

The optical poling method used for the fabrication of 3D
NPCs may also pave the way to achieve high-performance
ferroelectric-domain wall-based devices. The recent discover-
ies of giant photovoltaic effect and electrical conductivity in some
types of ferroelectric domain walls have enabled domain-wall-
based photovoltaic devices and nonvolatile memories [66]. The
performance of these devices is critically dependent on distribu-
tions and shapes of ferroelectric domain walls, whose control by
traditional electric-field poling is complex and inflexible. The
femtosecond laser poling platform offers an ideal technique to
construct such domain-wall-based devices, enabling localized
precise control of ferroelectric domains and, more significantly,
the creation of 3D domain walls to boost the photovoltaic and
microelectronic performances.

Besides optics, the study of nonlinear wave interactions in 3D
configuration may inspire exploration of similar phenomena in
other systems, including, for instance, the generation and control
of acoustic waves in dielectrics and matter waves in optical lattices.
In particular, it has been shown that the periodically poled LiNbO3

can act as an excellent phononic crystal for acoustic wave control
with an applied low-voltage electric field [67]. With the femtosec-
ond laser χ (2) engineering techniques, the concept of 2D LiNbO3

phononic crystals can be naturally extended to 3D configurations,
enabling more efficient controls of acoustic waves with complete
bandgap structures in three full dimensions.

The major technical challenge is to fabricate efficiently high-
precision large-scale 3D NPCs. The typical dimensions of 3D
NPCs reported in recent experiments do not exceed a hundred
micrometers. A significant size expansion to several millimeters
(especially in the light propagation direction) is necessary to
improve the conversion efficiency for many practical applica-
tions. Multifocal laser-writing systems could be employed as an
effective way to facilitate fast fabrication of 3D NPCs on a large
scale. Another challenging issue is to achieve highly precise χ (2)

engineering in 3D, which is mainly limited by the focal spot size of
the writing laser beam. Especially along the depth direction of the
crystal, the laser focus is prone to deformation and even splitting
due to spherical aberrations and birefringence, further lowering
the longitudinal resolution. To solve the issue, one may apply a few
countermeasures, such as selecting the proper polarization state of
the laser beam and preshaping the beam’s wavefront using a spatial

light modulator to achieve a submicrometer focus spot. When the
resolution of χ (2) engineering is reduced down to submicrometer
scale, 3D NPC can be applied in ultranarrow bandwidth quan-
tum light source, high-frequency acoustic wave generation, and
high-density data storage.
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