7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Femtosecond-laser-assisted high-aspect-ratio

{'.) Check for updates‘
nanolithography in lithium niobate

Cite this: Nanoscale, 2023, 15, 15298

Tianxin Wang,? Xiaoyan Cheng,? Xuan Li,? Jianan Ma,? Shuo Yan,? Xueli Hu,? Kai Qi,?
Weiwen Fan,® Manman Liu,? Xiaoyi Xu,? Xiaomei Lu, {2 ® Xiaoshun Jiang® and
Yong Zhang @ *@°

We report the successful fabrication of high-aspect-ratio lithium niobate (LN) nanostructures by using
femtosecond-laser-assisted chemical etching. In this technique, a 1 kHz femtosecond laser is first used to
induce local modifications inside the LN crystal. Then, selective chemical wet etching is conducted using
a buffered oxide etch (BOE) solution. The etching rate in the laser-modified area reaches 2 pm h™, which
is enhanced by a factor of ~660 in comparison to previous reports without laser irradiation. Such high
selectivity in chemical etching helps realize high-performance maskless nanolithography in lithium
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niobate. In the experiment, we have fabricated high-quality LN nanohole arrays. The nanohole size
reaches ~100 nm and its aspect ratio is above 40 : 1. The minimal period of the LN hole array is 300 nm.
Our work paves a way to fabricate LN nano-integrated devices for advanced optic and electronic
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Introduction

Femtosecond laser direct writing is one effective method to
realize local modifications in transparent materials."> Based
on multiphoton absorption, one can use the focused laser
spot to write three-dimensional micro/nano-structures inside
the material.> ® Over the past decades, this technique has been
widely applied in the fabrications of waveguides,”'° photonic
crystals,® and microfluidic chips."*™® One typical configur-
ation is to utilize a near-infrared (NIR) femtosecond laser with
a 1 kHz repetition rate. The low pulse repetition frequency
effectively relaxes the heat accumulation,’ which helps the fab-
rication of fine structures. In addition, the high peak power of
femtosecond laser pulses is capable of directly transforming
the crystalline material to an amorphous one in the laser-irra-
diated area."™'®

Lithium niobate (LN) has emerged as a promising material
for next-generation optoelectronic integration devices due to
its outstanding electro-optic, acoustic-optic, and piezoelectric
properties. However, because of its extremely high chemical
stability, the reported etching rate is typically several nano-
meters per hour'’™*° for x-cut LN. It is critical to significantly
increase the etching rate for efficient LN nanofabrication.
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Previous studies have shown an improved etching rate in the
inverted LN ferroelectric domains.”*>® Based on domain
engineering techniques such as electrical field poling,*>*! ion-
beam irradiation,***® and laser poling,>***>’ the highest
etching rate in x-cut LN is reported to be ~80 nm h™" by using
40% HF solution.>® Currently, it is still a great challenge to
selectively enhance the etching rate to several microns per
hour for LN nanofabrication with a large aspect ratio and high
in-plane precision.

In this work, we demonstrate the fabrication of nanohole
arrays in LN crystal by utilizing laser-induced selective chemi-
cal etching. The light source is a 1 kHz NIR femtosecond laser.
In the laser-modified area, the etching rate reaches 2 pm h™,
which is enhanced by a factor of ~660 in comparison to the
unilluminated area. By using this technique, we successfully
fabricate uniform LN nanohole structures. The minimal nano-
hole size is ~100 nm and the aspect ratio is above 40:1. The
minimal period of the hole array is 300 nm. Our technique
provides a way for maskless LN nanofabrication with a large
aspect ratio and high spatial resolution.

Experimental methods

In our experiment, the light source is an NIR laser working at
an 800 nm wavelength, 1 kHz reputation rate, and 109 fs pulse
width (Coherent Legend Elite). The substrate is a 5% MgO-
doped x-cut LN crystal, which is cut into slices of 10(z) x 1(x) x
1(y) mm?®. The LN slice is set on a direct-drive linear stage
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system, which is controlled by a LabVIEW program to achieve
precise movement with an accuracy of 200 nm. We combine a
half-wave plate (HWP) mounted on the rotating stage and a
polarizing beam splitter (PBS) to realize the continuous adjust-
ment of pulse energy. The polarization of the incident laser is
adjusted to be perpendicular to the crystal axis. The femtose-
cond laser is focused by an oil immersion objective (Niko Apo
TIRF 100, N.A. = 1.49 and Zeiss Immersol 518 F oil) to induce
local modifications inside the LN crystal. The typical scanning
speed is 10 um s~ . After laser writing, the sample is mechani-
cally polished by using a commercial machine (Kejing,
UNIPOL-1203 with 5% colloidal silica slurry) until the laser-
irradiated area is exposed. Then, it is immersed into the
etchant, i.e., 40% HF or BOE (6: 1 volume ratio of 40% NH,F
in water to 49% HF in water), to remove the laser-modified
area.

Results and discussion

The first step is to choose an appropriate etchant. We first use
the femtosecond laser to write vertical lines inside the LN
crystal (Fig. 1(a)). The pulse energy is kept at 11 nJ during laser
writing. After mechanical polishing (Fig. 1(b)), the sample is
immersed into two different etchants, i.e., 40% HF and 6:1
BOE at room temperature for comparison (Fig. 1(c)). We use
the scanning electron microscope (SEM, Zeiss Gemini) in sec-
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ondary electron mode to observe the surface morphology.
Fig. 2(a) shows the sample surface after 2 hours of etching in
40% HF. There present a series of irregular triangular holes.
This can be attributed to the strong interaction between high-
concentration HF solution and LN crystal.'®*%2° In this case,
the etching process cannot be confined within the laser-irra-
diated area. Therefore, the lattice symmetry of LN crystal is the
key factor that decides the surface topography.'”**7! In con-
trast, we investigate the sample surface etched in BOE as
shown in Fig. 2(b). Due to the much lower HF concentration in
BOE solution, the chemical etching process is mainly confined
within the laser-irradiated area. The holes maintain a nearly
circular shape after being etched for up to 24 hours. In the
next experiments, we use BOE as the etchant to achieve
uniform LN nanostructures.

Next, we measure the etching rate. We use the focused fem-
tosecond laser spot to write a series of lines along the depth
direction. For each laser pulse energy, we write 10 lines with a
length of 10 pm. The interval is set to be a few microns. After
the polishing process, the sample is put into BOE for chemical
etching. The sample is examined every 30 minutes by using an
optical microscopy (Zeiss Axio Imager. Z2 under transmitted
light illumination, Fig. 3(a)). The total etching time is 5 hours.
The etching depth can be obtained by measuring the average
length of the etched lines in Fig. 3(a). Under our experimental
conditions, the laser-induced selectivity in chemical etching
becomes clearly evident when the pulse energy is above a

(c)

40% HF or BOE Selective Chemical Etching

Fig. 1 The fabrication process of LN nanostructure by using laser-induced selective chemical etching. First, we use a 1 kHz laser to write vertical
lines inside LN crystal (a). Then, we Polish the sample until the laser-modified area is exposed (b). Finally, the sample is immersed into 40% HF or 6:1

BOE for chemical etching (c).

(a) HF-2h,

Fig. 2 Comparison of the sample surface by using 40% HF (a) and BOE (b) in chemical etching. The pulse energy in prior laser writing is 11 nJ. The

etching time is 2 hours and 24 hours for 40% HF and BOE, respectively.
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Fig. 3 (a) The microscopic images of the etched lines after different etching time. The pulse energy in laser writing ranges from 10 nJ to 12 nJ. (b)
The dependence of the etching depth on the etching time. The measured data well fit with an exponential function y = yo + Ae™"". Here, y is the
etching depth and t is the etching time. The fitting parameters of yq, A; and r are decided by the final etching depth, the etching rate, and the decay

of the etching rate.

threshold value of 10 nJ. In Fig. 3, we compare the results
using laser pulse energies of 10 nJ, 11 nJ and 12 nJ. Fig. 3(a)
shows the microscopic images of these lines after different
etching time. When setting the laser pulse energy at 10 nJ, one
can hardly observe the lines being etched in a few hours. If
using a higher laser pulse energy, one can see a clear increase
in the length of the etched lines. However, when the etching
time is beyond 3.5 hours, the line length does not further
increase in our experiment. The etching process stops at a
critical depth of 6.9 pm and 6.0 pm, corresponding to an inci-
dent pulse energy of 12 nJ and 11 nJ, respectively. The final
length of the etched line is smaller than the laser writing dis-
tance of 10 um. This can be explained by the fact that the
refractive index mismatch between air and LN crystal results in
a distorted laser spot inside the crystal.">**** As increasing
the fabrication depth, the distortion becomes severe so the
laser energy density gradually decreases. At the critical depth,
the energy density becomes too low to introduce enough
selectivity in chemical etching. Fig. 3(b) shows the exponential
dependence of the etching depth on the etching time. The
initial etching rate is fast because the sample surface is fully
immersed into the etchant. Then, the etching process gradu-
ally slows down until being completely stopped at the critical
depth. For laser pulse energies of 12 nJ and 11 n]J, the average
etching rates reach 2.0 pm h™" and 1.7 pm h™", respectively. In
comparison to the reported etching rate of 3 nm h™" for the
original LN crystal by using HF-HNOj; etchant (3:2 volume
ratio of 40% HF and 100% HNO3),'>?* the etching rate of BOE
in the laser-modified area is enhanced by a factor of ~660,
which provides a useful way to fabricate LN nanostructure with
a large aspect ratio.
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We use an atomic force microscope (AFM, Bruker icon,
working at peak-force tapping mode) to characterize the in-plane
structural dimension. Here, we employ a ScanAsyst-Air tip at a 0.5
Hz scan rate. Fig. 4 shows the AFM images by using different
pulse energies. Here, we choose the samples after a 2-hour
etching for comparison. One can observe uniform nanohole
arrays. Each hole presents a nearly circular shape. For laser pulse
energy of 11 nJ, the average widths along z and y directions are
measured to be 118 nm and 98 nm, respectively (Fig. 4(a)). When
increasing the pulse energy to 12 nJ, the average widths are
increased to 216 nm and 196 nm along z and y directions,
respectively (Fig. 4(b)). Here, the hole geometry is mainly decided
by the profile of the focused laser spot. For pulse energies of 11
n] and 12 nJ, the average etching depths after 2 hours are
measured to be 5.05 pm and 5.30 pm, which correspond to aspect
ratios above 40:1 and 20:1, respectively. In principle, one can
tune the nanohole size by precisely controlling the pulse energy.

In addition, we use this technique to fabricate LN nanohole
arrays with periods down to submicron. Fig. 5(a) and (b) show
the SEM images of the hole arrays with their periods being
800 nm and 600 nm, respectively. The pulse energy is 12 nJ
and 11 nJ, respectively, and the BOE etching time is 24 hours.
One can clearly see the uniform hole arrays. To further reduce
the array period, one should carefully combine the parameters
of laser writing and chemical etching. In the experiment, we
use a laser pulse energy of 12 nJ and an etching time of
5 hours to realize a 500 nm-period triangular array (Fig. 5(c))
and a 300 nm-period square array (Fig. 5(d)). Due to the limit-
ation in the repositioning accuracy of our translation stage
(200 nm), it is difficult to further reduce the period under our
current experimental setup.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The AFM images of the sample surfaces by using pulse energies of 11 nJ (a) and 12 nJ (b). The etching time is 2 hours. The insets are the
optical images of the side view of the structure. The average etching depths are 5.05 pm and 5.30 pm, respectively.

TR TR RS e W
S Es e

Fig. 5 (a) and (b) show the SEM images of the nanohole arrays with periods of 800 nm and 600 nm, respectively. (c) and (d) are the AFM images of

the nanohole arrays with periods of 500 nm and 300 nm, respectively.

Conclusion

We have developed a femtosecond-laser-assisted nanolithogra-
phy technique for LN crystal. By optimizing the parameters of
laser writing and the subsequent chemical etching, the

This journal is © The Royal Society of Chemistry 2023

etching rate in x-cut LN crystal is enhanced to 2 pm h™", which
is significantly improved in comparison to previous
reports.'>** The interaction between high-energy laser pulses
and LN results in the change in material properties such as

local amorphization,'>'®** which plays a crucial role in the
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improvement of the etching rate. Considering the effect of
multiphoton absorption,"*'**3 the laser-induced local modifi-
cation can be well confined within the focused spot. In
addition, 1 kHz laser repetition frequency effectively reduces
the local heat accumulation,’ leading to a high fabrication
accuracy. Importantly, the use of BOE solution is critical to
control the chemical interaction between the etchant and LN
crystal. As a result, the etched structure is mainly decided by
laser writing, which helps maintain a uniform LN nano-
structure. Such unique advantages could be utilized to remove
the existing issues in traditional etching techniques such as
the irregular shape and unwanted scattering loss. In the
experiment, we have achieved a nearly-circular nanohole with
a size of ~100 nm and an aspect ratio above 40: 1. Our work
provides a useful way for maskless fabrication of LN nano-
structures. Besides the extreme photonic applications that
require high-aspect-ratio 2D nanostructures, one can further
upgrade this technique to realize 3D nanostructuring of LN
crystals, which may open up the potential for 3D integrated LN
devices.
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