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A nonlinear photonic crystal (NPC)' possesses space-
dependent second-order nonlinear coefficients, which can
effectively control nonlinear optical interactions through
quasi-phase matching?. Lithium niobate (LiNbO,) crystal is
one of the most popular materials from which to fabricate NPC
structures because of its excellent nonlinear optical proper-
ties®*. One- and two-dimensional LiNbO; NPCs have been
widely utilized in laser frequency conversion®’, spatial light
modulation®*'> and nonlinear optical imaging™'*. However,
limited by traditional poling methods, the experimental real-
ization of three-dimensional (3D) NPCs remains one of the
greatest challenges in the field of nonlinear optics''®. Here,
we present an experimental demonstration of a 3D LiNbO,
NPC by using a femtosecond laser to selectively erase the
nonlinear coefficients in a LiNbO, crystal®”. The effective
conversion efficiency is comparable to that of typical quasi-
phase-matching processes. Such a 3D LiNbO, NPC provides a
promising platform for future nonlinear optical studies based
on its unique ability to control nonlinear interacting waves in
3D configuration.

In nonlinear wave-mixing processes inside nonlinear crystals,
phase matching is normally required for high-efficiency frequency
conversion”. Taking the second-harmonic generation (SHG) pro-
cess as an example, the amplitude of the generated second-har-
monic (SH) field will increase linearly with crystal length if the
phase-matching condition is perfectly satisfied (red line in Fig. 1a).
However, because of the dispersion-induced phase mismatch, the
SH field normally oscillates along the propagation direction with
a period of 2I, where [ is the coherence length of the nonlinear
interaction (black line in Fig. la)’. The quasi-phase-matching
(QPM) technique is an effective and popular solution for overcom-
ing such a phase mismatch and enhancing the overall conversion
efficiency, which can be fulfilled in an NPC such as an electrically
poled LiNbO, crystal*’. By periodically inverting the sign of the
nonlinear coefficient with a period of 21, the generated SH field can
continuously increase along the propagation direction (green line in
Fig. 1a). Until now, QPM processes have only been realized in one-
and two-dimensional cases because of the limitations in traditional
fabrication methods. The concept of a 3D NPC has been proposed
for 3D QPM since 1998'. In addition, 3D NPCs have unique appli-
cations in 3D nonlinear beam shaping'?, 3D nonlinear holography’

and high-dimensional entanglement’. However, the fabrication of
3D NPCs remains a great challenge in the field of nonlinear optics.

The most popular way to fabricate a LINbO, NPC structure
is to use the electric poling method. In this method, ferroelectric
domains in the LiNbO, crystal are selectively inverted by applying
an external electric field’. Other methods include chemical indif-
fusion, scanning force microscopic poling, electron-beam pol-
ing, probe-tip poling and the crystal-growing technique, which
have been developed for specific circumstances such as periodi-
cally poled LiNbO; waveguides, surface poling and short-pitch
poling'®-*2. However, none of the above traditional techniques can
be used to fabricate 3D NPC structures.

Laser writing is one of the potentially suitable candidates for
accomplishing this milestone because it can efficiently create 3D
structures in transparent materials*>**. Recently, one- and two-
dimensional domain structures have been realized on the surface
of LiNbO, and strontium barium niobate crystals by ultraviolet
light poling using the pyroelectric effect*>*. Near-infrared femto-
second laser poling through a localized thermo-electric field has
also been experimentally demonstrated in a Ti-indiffused LiNbO,
waveguide”’. However, it remains a great challenge to directly pole
the domains inside a nonlinear crystal. Indeed, a 3D-poled LiNbO,
NPC has not yet been demonstrated.

In this Letter, we experimentally demonstrate a different type of
3D LiNbO; NPC realized through a femtosecond laser engineer-
ing method. Instead of trying to pole the ferroelectric domains in
a LINDbO; crystal, we optimize the laser parameters to selectively
erase the nonlinear coefficients y® of the LiNbO, crystal in a cer-
tain pattern'®"”. The physical mechanism can be understood as one
that reduces the crystallinity through laser irradiation, which was
verified by measurements of the transmission electron microscopy
(TEM) diffraction pattern and micro-Raman signal in the engi-
neered area (see Supplementary Sections 1 and 2 for details). The
nonlinear interacting waves in a periodically poled LiNbO; crys-
tal are phase-modulated by the inverted ferroelectric domains,
which, alternatively, are spatially amplitude-modulated in the laser-
engineered LiNbO, crystal. In an ideal case, an amorphous struc-
ture forms in the engineered area, which can reduce the nonlinear
coefficients to zero. When the nonlinear coefficients are periodi-
cally erased, the SH field increases in the first coherence length [,
remains unchanged in the second, and then repeats this pattern
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Fig. 1| QPM mechanism in laser-engineered LiNbO; crystal. a, The amplitude of the generated SH field strongly depends on the phase-matching
mechanism. Generally, the SH field oscillates along the propagation direction because of the phase mismatch (black line). If the mismatch is perfectly
compensated, the SH field will increase linearly (red line). Such an ideal case is normally hard to realize in a natural LiINbO; crystal. QPM provides

a powerful solution to achieve efficient SHG by introducing a periodically poled domain structure in a LINbO, crystal (green line). If one uses laser-
engineered LiNbO; crystal, the QPM mechanism still works by periodically modulating the amplitudes of the nonlinear coefficients (blue line). Although
the conversion efficiency is lower than that for a perfectly poled crystal, it is feasible to realize a 3D NPC structure with such a laser engineering method.
b, Schematic diagram of the 3D NPC fabrication realized through femtosecond laser engineering.
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Fig. 2 | Sample characterization. a, Image of the 3D structure recorded using Cerenkov-type SH confocal microscopy'? (see Supplementary Section 9

for details). The recorded image shows the first two layers in the 3D LiNbO5 NPC, which presents a clear periodic structure. b, SH image in the x-y plane
through a general confocal SH microscopic system. ¢, Intensity distribution along the black line in b. The average values of the SH intensities at various
positions are also shown. The SH intensity in the engineered area is much lower than that in the non-engineered area, confirming the greatly reduced
nonlinear coefficients due to the laser engineering process. The non-zero minimal SH intensity in ¢ indicates that y*® can be further reduced. The difference
in maximal SH intensities for engineered and non-engineered areas can be attributed to the slight reduction in ¥ caused by the unfocused writing laser
beam and scattering loss in the 3D structure.

of increasing energy flux (blue line in Fig. 1a). Although the theo- enhanced compared to that in the phase-mismatched case (Fig. 1a).
retical conversion efficiency in a laser-engineered LINbO; crystal is ~ The requirements for this laser engineering (especially along the
one-quarter that in an ideal electrically poled nonlinear crystal (see  depth direction) are much easier to satisfy than those for the laser
Supplementary Section 6.1 for calculations), it is still significantly — poling method. More importantly, this technique can be used to
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Fig. 3 | Demonstration of SHG processes in a 3D LiNbO; NPC. a, 3D reciprocal lattice and typical 3D reciprocal vectors. Red lines in a represent unit
lengths (defined by 21/A,) along the x, y and z axes. b-e, Measured (Exp.) and simulated (Sim.) 3D QPM SH beam patterns at various input fundamental
wavelengths. The QPM configurations, as well as the corresponding reciprocal vectors, are presented in the right column. Note that not all SH spots in
b-e are perfectly phase-matched (see Supplementary Sections 5, 6 and 7 for details).
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Fig. 4 | Measured dependences of SH power on input parameters. a, Dependence of SH power on fundamental wavelength. The peak at 829 nm

(black curve) results from the QPM SHG process assisted by the reciprocal vector G o, which is greatly enhanced in comparison to the non-QPM case
(red curve). The simulated curves (calculated from Supplementary equation 14 in Supplementary Section 6.2) agree well with the experimental results.
b, Corresponding dependence of QPM SH power on input pump power at the fundamental wavelength of 829 nm. The relationship agrees well with a
quadratic curve. At a pump power of 1.5W, the output SH power reaches ~180 pW.
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fabricate arbitrary 3D NPC structures (Fig. 1b) in most nonlinear
materials, including LiNbO, crystals.

We designed a 3D NPC with a tetragonally engineered structure,
as shown in Fig. 1b. The structural unit was chosen to be a cylinder
to simplify the laser engineering process in the direction of the depth
(z axis). In the experiment, we fabricated the 3D NPC structure in
a z-cut 5% MgO-doped LiNbO; crystal using a femtosecond laser
engineering technique (see Methods and Supplementary Section
4 for the laser engineering process). The periods are A,=3pm,
A,=3pm and A,=11pm. Figure 2a shows a Cerenkov-type SH
confocal microscopic image of the sample*. The engineered areas
present a well-defined periodic structure, as designed. Laser engi-
neering of the nonlinear coefficients in the LiNbO; crystal was
characterized by general confocal SH microscopy. The recorded SH
intensities in the x-y plane for the engineered and non-engineered
regions are shown in Fig. 2b,c. Clearly, the SH signals in the cen-
tres of the engineered spots are much weaker than the signal from
the non-engineered area, which indicates greatly reduced nonlinear
coefficients due to the laser erasing process.

Next, we performed SHG experiments to demonstrate the
3D QPM processes in the 3D LiNbO, NPC (see Methods and
Supplementary Section 8 for the experimental scheme). Figure 3
depicts the reciprocal lattice and typical 3D QPM SHG configura-
tions. The 3D QPM conditions can be written as

k2w_2kw_Gm,n,l:0 (1)

where k,, and k,,, are the wavevectors of the fundamental and SH
waves, respectively. G,, , ; is the 3D reciprocal vector defined as

m2—ﬂ§(+ nz—ﬂA + lz—ﬂi
A AR )

x y z

G

mynl =

where X, ¥ and Z are unit vectors, and m, n and [ are integers. The
experimental SH patterns with input fundamental wavelengths
of 829, 824, 802 and 780nm are shown in Fig. 3b-e, respectively.
The corresponding reciprocal vectors are also labelled, and are
calculated according to the emission angles of the SH beams (see
Supplementary Sections 3 and 5 for calculation details). The 3D
QPM processes can be observed in the SH patterns. As the input
fundamental wavelength decreases, the emission angle of the non-
collinear SH spot increases because a higher-order reciprocal vec-
tor is required to compensate for the phase mismatch. For example,
G, is involved in the QPM SHG process for input light with
a wavelength of 824nm, while the higher-order reciprocal vector
G_; ¢ is required for an input wavelength of 780 nm. Because the
QPM wavelengths for the reciprocal vectors with I=—1, 0 and 1 are
quite close to each other (Supplementary Table 1), the correspond-
ing SH spots form a column, as shown in Fig. 3.

Figure 4a presents the dependence of the collinear SH power on
the input fundamental wavelength for the 3D LiNbO, NPC. The fun-
damental beam power is kept at 0.6 W. The output SH power reaches
a peak at the fundamental wavelength of 829 nm, which indicates
that the QPM condition is satisfied. The reciprocal vector involved
is Gy o- For comparison, we also measured the wavelength depen-
dence of the SH power from the non-engineered area of the LiNbO,
crystal (red curve in Fig. 4a). Clearly, no peak appears in this non-
QPM case. At the QPM wavelength of 829 nm, the measured SH
power from the engineered area is significantly enhanced compared
to that from the non-engineered area (Fig. 4a). Figure 4b depicts
the power dependence of the collinear SHG on the input power at
the fundamental wavelength of 829nm. When the fundamental
input power is 1.5W, the directly measured conversion efficiency
for collinear SHG reaches ~1.2x107. The aggregate conversion
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efficiency of all the collinear and non-collinear SH spots is mea-
sured to be 2.3X 107 Such a conversion efficiency can be further
improved by achieving better y® erasing.

We have experimentally demonstrated a 3D NPC in a LiINbO,
crystal with the femtosecond-laser engineering technique. In addi-
tion to the key function of high-efficiency frequency conversion
through a 3D QPM mechanism, our work reveals several other
unique characteristics. The LiNbO, crystal is one of the most
popular NPC materials, and the demonstrated scheme is easily
accessible to researchers working in the field of nonlinear optics
and compatible with current technologies in nonlinear optical
modulation. The requirements for laser engineering are relatively
easy to satisfy, especially along the depth direction, and can be
readily extended to a broad range of nonlinear crystals including
LiTaO, and KTiOPO, crystals. In addition, such a laser engineer-
ing method can be feasibly applied to fabricate more complex
nonlinear photonic structures for the accurate 3D manipulation of
nonlinear optical waves, which have potential applications in non-
linear beam shaping, nonlinear imaging, 3D nonlinear holography
and so on*'*">'*, We also note recent progress regarding nonlinear
photonic metamaterials®, which could be a potential alternative
avenue for the creation of 3D NPCs.

Note added in proof: During the proofreading stage, we became
aware of a work on a 3D NPC in ferroelectric barium calcium tita-
nate”, providing an alternative means to fabricate 3D NPCs.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-018-0240-2.
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Methods

Sample parameters. The laser-engineered 3D LiNbO, NPC crystal has a tetragonal
structure. The laser-modified unit cell was designed to be cylindrical, as shown in
Fig. 1b. The periodic lengths between cells are 3 um (x), 3pum (y) and 11 pm (2),
and the repeated structure layers are 30 (x), 30 (y) and 4 (z), respectively. The duty
cycles in the x, y and z directions are 50, 50 and 54.5%, respectively.

Laser engineering of the LiNbO, crystal. A typical femtosecond-laser writing
system was used to produce microstructures in the LINbO, crystals. The light
source was a mode-locked Ti:sapphire laser system with a regenerative amplifier
(Legend Elite-1K-HE Coherent) working at a wavelength of 800 nm. The pulse
width was 104 fs and the repetition rate 1kHz. The laser beam passed through

a beam expander and was then focused into the LiNbO, crystal by an objective
(x50, numerical aperture=0.8). The sample position was precisely controlled by
a nanopositioning stage (Physik Instrument, E545) with a resolution of 1 nm and
a moving range of 200 pm (x) X 200 pm (y) X 200 pm (z). The laser writing process
can be observed by a charge-coupled-device (CCD) camera in real time. We
used a scanning strategy with a compensation technology to improve the desired
uniformity for each layered structure. The writing laser energies were 100, 150,
180 and 200 n] from the top to bottom layers with scanning speeds of 100, 85, 70
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and 55 pms~, respectively. The size of the focal spot inside the sample was ~1.2 pm
in the transverse direction and ~5-10 pm in the axis direction (depending on the
fabrication depth). See Supplementary Section 4 for details of the fabrication and
optimization processes.

Experimental scheme for demonstrating 3D QPM SHG processes. The
fundamental beam was a Ti:sapphire femtosecond laser (Chameleon, Coherent)
with a tunable wavelength ranging from 690 to 1,050 nm. The polarization of the
input laser beam was along the z direction so that the largest nonlinear coefficient
d,; of the LiINbO, crystal could be utilized. After focusing by a 50 mm lens, the
fundamental beam was incident into the sample. The focal waist was ~40 pm,
comparable to the thickness of the 3D NPC structure. The output far-field SH
patterns were projected onto a screen and recorded by a camera. A power meter
was used to measure the collinear QPM SH power. See Supplementary Section 8
for details of the experimental set-up.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding authors upon
reasonable request.

NATURE PHOTONICS | www.nature.com/naturephotonics


http://www.nature.com/naturephotonics

	Experimental demonstration of a three-dimensional lithium niobate nonlinear photonic crystal

	Methods

	Acknowledgements

	Fig. 1 QPM mechanism in laser-engineered LiNbO3 crystal.
	Fig. 2 Sample characterization.
	Fig. 3 Demonstration of SHG processes in a 3D LiNbO3 NPC.
	Fig. 4 Measured dependences of SH power on input parameters.




