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We experimentally demonstrate to drive domain growth in
lithium niobate crystal by using a focused infrared femtosec-
ond laser without relative displacement or any additional
treatment. The physical process has four stages: modified
domain generation; thermoelectric field formation; domain
inversion; and domain growth. The length of domain growth
depends on drive energy (pulse energy) and drive time (num-
ber of pulses), up to 155 pym. We use this approach to rapidly
fabricate two-dimensional period-inverted domain struc-
tures and perform frequency-doubling conversion based on
quasi-phase-matching. Laser-driven domain growth deliv-
ers an efficient manufacturing route for tailored functional
materials. © 2023 Optica Publishing Group

https://doi.org/10.1364/0L.469202

Ferroelectrics are materials that exhibit spontaneous polariza-
tion below the Curie temperature and have important appli-
cations in nonlinear optics, information storage, photovoltaics,
optoelectronic modulation, and quantum communication [1-5].
One of the keys is that the polarization direction and associated
domain of such materials can be manipulated [6]. Regions with
the same spontaneous polarization direction are referred to as
ferroelectric domains, and the boundary between the different
spontaneous polarization regions is the domain wall.

The employment of an electric field in excess of the coercive
field to invert polarization is now a well-established solution
[7], such as the manufacture of the widely used periodically
poled lithium niobate (PPLN). However, the electric field pol-
ing is cumbersome to operate and has some limitations. For
instance, the electric field poling is poor in providing a high
aspect ratio of fine-domain periodic PPLN because it causes lat-
eral movement of the domain walls [8]. Since the electric field
is applied to both sides of the crystal’s surface, domain inver-
sion can only start at the surface and it is not possible to create
isolated ferroelectric domains inside the crystal. Moreover, the
electric field needs to be along the direction of spontaneous
polarization if long domains are to be obtained, which limits
the crystallographic orientation of the ferroelectrics. High volt-
ages are required for poling thick samples with high coercive
field [9].

Given the benefits of light processing, such as remote manip-
ulation, high resolution, and 3D fabrication capability, the use
of light-induced domain inversion as an alternative approach
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is an active field of research [10]. In related works, the light-
assisted electric field poling effectively reduces the coercive
field; however, it is the external electric field that remains the
main protagonist in causing domain inversion [11]. Through
the formation of a thermoelectric or pyroelectric field by high
absorption, the UV light poling is able to induce domain inver-
sion without applying an external electric field, but only in the
subsurface layer of the crystal [12]. Based on the similar mech-
anism, the thermoelectric field induced by the thermal gradient
generated via nonlinear absorption of a focused near-infrared
femtosecond laser in media allows for the direct writing of
inverted domain structures inside ferroelectrics [13].

This superior fabrication performance has led to many break-
throughs in nonlinear optics. For example, the fabrication of
3D domain inversion structures in calcium barium titanate,
Bay7;Cay2;TiO3, calcium barium niobate, and tetragonal PMN-
38PT crystals gives access to 3D nonlinear photonic crystals
with potential applications in nonlinear beam shaping, nonlin-
ear imaging, and 3D holography [14—17]. Alternatively, domain
inversion can also be induced by means of femtosecond laser
modification followed by heat treatment [18]. However, using
current optical poling methods to fabricate long domain inver-
sion either requires moving the position of the focal spot or needs
additional auxiliary processes, which clearly limits the working
efficiency of all-optical poling.

In this work, we experimentally demonstrate a new approach
for all-optical poling. We show domain inversion growth driven
by a focused infrared femtosecond laser in a lithium niobate
(LiNbO;) crystal during which no relative displacement and
no additional treatment are needed. The length of the domain
inversion is dependent on the pulse energy and the number
of pulses, up to 155 pm. This technique improves the effi-
ciency of optical poling and is suitable for most ferroelectric
materials.

The samples are z-cut 5% MgO-doped LiNbO; crystal with
a thickness of 500 um. The sample is mounted onto a high-
precision displacement holder (Aerotech Inc.) equipped with a
PC-driven 3-axis xyz crossed-roller bearing positioning system.
A universal femtosecond laser fabrication system is used to drive
domain growth. Light is derived from a regenerative amplified
Yb:KGW-based laser system (Pharos, Light Conversion) out-
putting light with a wavelength of 1026 nm, a pulse duration
of 170 fs, and a repetition rate of 1000 kHz. The pulse energy
can be continuously adjustable from 0 to 400 uJ through an
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Fig. 1. (a) Domain structure induced by the LDDG (laser-driven
domain growth) technique in LiNbO3 crystal and (b) domain inver-
sion region therein, visualized by Cerenkov SH microscopy. The
drive energy and time are 500 nJ and 0.5 s, respectively. (c) Micro-
Raman signal of the modified domain and non-processed area
marked by dashed circles in panel (a). (d) Micro-Raman signal
of the domain inversion and pristine area marked by dashed circles
in panel (b). The color of the dashed circles corresponds to the color
of the Raman signal in their marked regions. (e)—(h) Four physical
processes of LDDG: modified domain generation; thermoelectric
field formation; domain inversion; and domain growth, respectively.

attenuator consisting of a half-wave plate and a polarizing plate.
Focusing the laser with a 50x microscope objective (NA =0.42)
produces a focal spot diameter of approximately 1-2 um. The
light polarization is along the x-direction of the crystal during
processing.

After the beam is incident from the —z-surface to a spot inside
the crystal, the beam or the sample is not moved and no addi-
tional treatments are performed. Driven by the laser, the domain
inversion continues from the focal spot toward the inside of the
crystal. At the end of the radiation, a modified domain is pro-
duced in the focal region and a long-inverted domain is created
below the focal spot, and the experimental results are shown
in Figs. 1(a) and 1(b). Induced domain structures are observed
by Cerenkov-type second harmonics (SH) confocal microscopy
(FVMPE-RS, Olympus), allowing for nondestructive character-
ization [19,20]. Owing to the Cerenkov-type effect, the excited
second harmonic is enhanced at the boundary of second-order
nonlinearity variations. A sharper change in the second-order
nonlinearity results in a more pronounced Cerenkov-type effect.
Therefore, inverted and modified domains can be observed. The
difference between them is that as the modified domain are
irregular, it has SH signal over its entire region. In contrast, only
the domain walls have SH signal in the regions of the inverted
domains, as shown in Fig. 1(b).
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The areas marked in Figs. 1(a) and 1(b) were characterized
using micro-Raman and the corresponding results are shown
in Figs. 1(c) and 1(d). There is a significant weakening of the
Raman signal in the focal areas, which suggests that the laser
radiation has changed the chemical structure of this region and
may have formed amorphous components [21,22]. The Raman
signal in the domain inversion region also shows once again that
the laser-driven domain structure only reverses the direction of
polarization since the change in polarization direction does not
affect the Raman signal.

The physical process of laser-driven domain growth (LDDG)
is shown in Figs. 1(e)-1(h). When multiple laser pulses are
focused inside the crystal, extremely high temperatures are
formed in the focal region due to multiphoton absorption and
electron—phonon heat transfer. The high temperature disrupts the
crystal structure, thus weakening the nonlinear coefficient in this
region producing a modified domain [23], as shown in Fig. 1(e).
At high temperatures, the coercive field near the focus may be
less than 100 V/mm. The subsequent radiation and thermal dif-
fusion create a high temperature gradient around the modified
domain. Owing to the thermoelectric effect, the temperature
gradient induces a bipolar thermoelectric field. A higher tem-
perature gradient will result in a stronger thermoelectric field. In
case the thermoelectric field is larger than the coercive field, it
results in domain inversion, as shown in Figs. 1(f) and 1(g). With
a thermoelectric power tensor Qs; = 0.8 mV/K, the temperature
gradient VT only needs to be greater than 125 K/um to invert the
spontaneous polarization of the crystal. Thereafter, the domain
inversion region conically grows outward under the action of the
thermoelectric field and inversion dynamics [24,25], as shown
in Fig. 1(h).

In addition, we observed that the pulse energy required for
LDDG is necessarily larger than the crystal damage threshold,
that is, the laser radiation will inevitably fabricate a modified
domain in the focal region. We think this is due to several
possibilities, one is that laser poling needs a large area of
high temperature to generate enough electric field, while non-
destructive multiphoton absorption and heat transfer cannot
meet the requirement. Second, the presence of modified domains
reduces the coercive electric field because the domain walls trap
electrons [26]. Third, the regions around the modified domain
may be used as nucleation sites [27-29]. If laser direct writing
could induce a domain inversion of arbitrary length in LiNbO;
without damage, then direct writing of 3D-poled LiNbO; would
have been available long ago, instead of being compromised
by laser modification [22,30]. Apart from satisfying the pulse
energy, a large number of pulses is required for LDDG. For
example, in our experiments, a number of pulses greater than
10* is desired that accomplish sufficient thermal accumulation
to form a stable poling field.

The processes of LDDG are similar to Imbrock’s treatments
[18], except that we have simplified their laser modification and
additional heating to a single step. The inverted domain shape
we fabricated is conical, consistent with the results reported
by Chen ef al. [31] using a femtosecond laser to scan inside the
crystal. However, we consider that conical domain is an intrinsic
property of LDDG, and its mechanism is different from the
spherical aberrations and birefringence they attribute to it. In the
LDDG, the inverted domain is constantly consuming energy as it
grows. The growth of the domain wall requires more energy than
the growth of the domain center, resulting in slower growth of
the domain wall. This difference in growth rate from the domain
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Fig. 2. (a) Schematic and (b) experimental result (Cerenkov SH
microscopy image) of the domain growth driven by light incident
from the x-surface to the inside of the crystal. The drive energy and
time are 500 nJ and 0.5 s, respectively.
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Fig. 3. (a) Length of LDDG for different pulse energies and num-
bers of pulses. (b) Experimental results (Cerenkov SH microscopy
image) of driving domain growth with 10 x 10* pulses and pulse
energies of 520, 660, 800, and 940 nJ.

center to the domain wall causes the formation of a conical
domain. We drive the domain growth with a laser incident from
the x- or y-surface into the crystal, the results are also the same
as for the —z-surface incident, as shown in Fig. 2. The region
below the focal spot was not irradiated by the light at all, and
domain inversion also occurred. Because the nucleation sites
tend to appear below the modified domains (at the downstream
end of the laser incidence direction), and the inversion domain
always grows along the z axis. So, in this case, the modified and
inverted domains do not overlap in the z-direction.

We observe that the length of LDDG is governed by drive
energy (pulse energy) and drive time (number of pulses). When
the laser is focused at 20 um below the —z-surface, the mini-
mum drive energies to meet the induced domain inversion at
different drive times, and the domain length at different drive
energies and times, are shown in Fig. 3(a). First, as shown by the
gray dashed line, a longer drive time results in a smaller drive
energy required to induce domain inversion until it is close to the
damage threshold, and accordingly, the domain length increases
slightly. There is a minimum value for the length of the LDDG.
For example, in our current experiments, the laser either fails
to drive a domain inversion or will drive a domain that is at
least 50 um in length, which may be related to the domain inver-
sion dynamics of the crystal. Furthermore, the domain length
increases with drive energy and time and is tunable between
50 um and 155 pm.
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Fig. 4. (a) Cerenkov SH microscopy image of a 2D domain struc-
ture fabricated by LDDG technique. The drive energy and time are
700 nJ and 1 s, respectively. (b)—(e) 2D QPM SH patterns at various
input fundamental.
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Figure 3(b) shows the experimental results of LDDG with a
drive time of 0.1s (10 x 10* pulses) and drive energies of 520,
660, 800, and 940 nJ, respectively. The obtained domain lengths
are 50, 74, 80, and 100 um, respectively. Compared to laser
scanning (10 um/s) [32], the speed of fabricating a 50-100-um
domain with laser drive is 50-100 times faster. Creating other
lengths of domains can also improve speed by at least 10 times.
We believe that a longer domain and shorter drive time can
be realized by co-optimizing other laser parameters, such as
wavelength, pulse width, and repetition rate.

The initial diameter of the inverted domain is also positively
correlated with the drive energy and time. The main reason is
that a high drive energy or a long drive time creates a stronger
and wider range of the thermoelectric field, resulting in a larger
domain inversion area. In addition, the domain length decreases
whenever the depth of focus deepens, as the laser energy is
absorbed and the focal spot is distorted. While the laser is inci-
dent from the x- or y-surface, the shape of the driven domain
growth is almost identical at different z-positions.

Figure 4(a) shows a partial view of a 2D domain structure
fabricated with LDDG with a period of Ax = Ay =12.5um, a
duty cycle of 0.25, and a period number of 80 (x) x 80 (y). The
structure ensures approximately the same shape over a length
of 100 um. We performed second harmonic generation (SHG)
experiments for demonstrating the 2D quasi-phase matching
(QPM) of this structure. The QPM condition is described as

k2w - 2kw — Ga,b =0, (1)

where kw and k2w are the wave vectors of fundamental and
harmonic waves, respectively, Ga, b is the 2D reciprocal lattice
vector defined as

2w 2w
b=aZs+b5 2
Ga,b=a==%+ Y (2)

where % and  are unit vectors, a and b are integers. The exper-
imental SH patterns with input fundamental wavelengths of
1299, 1293, 1277, and 1253 nm are shown in Figs. 4(b)—4(e),
respectively. The fundamental beam has a diameter of 50 pm,
pulse duration of 270 fs, and repetition rate 300 Hz. The output
far-field SH patterns are collected and recorded with a CCD.
When the fundamental input power is 5 mW, the conversion effi-
ciency of collinear SHG is approximately 1.4x 107%, and the
total conversion efficiency of collinear line and non-collinear
SHG is approximately 3.6 X 1073, The conversion efficiency can
be further improved by increasing the QPM length, raising the
fundamental input energy, and optimizing the duty cycle.
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To conclude, we have experimentally demonstrated domain
growth driven by a focused femtosecond laser in LiNbO;. This
approach allows the fabrication of along inversion domain inside
the crystal without additional treatment, without moving the
sample or the laser focus. The physical process consists of four
stages: domain modification generation; thermoelectric field for-
mation; domain inversion; and domain growth. The modified
domain plays an important role, and its possible reduction of the
coercive field or as a nucleation site needs to be further studied.
The length of the domain growth is governed by the drive energy
and time, up to 155 pm. This length can be further increased
by co-optimizing other drive parameters, such as wavelength,
pulse width, repetition rate, etc. Furthermore, LDDG dramat-
ically improves the processing efficiency of all-optical poling,
which is one to two orders of magnitude faster than the laser
scanning method for fabricating inverted domains in an LiNbO;
crystal. 2D QPM of periodic structures fabricated using LDDG
is presented. Our results open new avenues for optical poling
with potential applications in nonlinear optics and domain wall
motion.
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