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Abstract We introduce and optimize a fabrication proce-
dure that employs both femtosecond laser machining and
hydrofluoric acid etching for cutting holes or voids in slabs
of lithium niobate and lithium tantalate. The fabricated struc-
tures have 3 μm lateral resolution, a lateral extent of at least
several millimeters, and cut depths of up to 100 μm. Excel-
lent surface quality is achieved by initially protecting the
optical surface with a sacrificial silicon dioxide layer that
is later removed during chemical etching. To optimize cut
quality and machining speed, we explored various laser ma-
chining parameters, including laser polarization, repetition
rate, pulse duration, pulse energy, exposure time, and focus-
ing, as well as scanning, protective coating, and etching pro-
cedures. The resulting structures significantly broaden the
capabilities of terahertz polaritonics, in which lithium nio-
bate and lithium tantalate are used for terahertz wave gener-
ation, imaging, and control. The approach should be appli-
cable to a wide range of materials that are difficult to process
by conventional methods.
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1 Introduction

Lithium niobate (LiNbO3, LN) and lithium tantalate (LiTaO3,
LT) have important roles in optics due to their nonlinear op-
tical properties [1] . They have strong electro-optic, piezo-
electric, and acousto-optic responses, making them valuable
materials in a large variety of devices and experiments relat-
ing to the interactions among fields, light, and sound [2,3].
One important application in recent years has been efficient
generation of terahertz (THz) frequency phonon-polariton
waves — admixtures of polar lattice vibrations and elec-
tromagnetic radiation — by femtosecond optical pulses via
the nonlinear process of impulsive stimulated Raman scat-
tering (ISRS) [4–6]. This led to the development of the THz
polaritonics platform, in which the THz waveform gener-
ated in LiNbO3 or LiTaO3 can be flexibly tuned and con-
trolled [7–9]. In a LiNbO3 or LiTaO3 slab, the complete spa-
tial and temporal evolution of the THz electric field can be
recorded with time-resolved phase-sensitive imaging, yield-
ing detailed insights into THz generation and interaction
with a wide range of photonic, or ”polaritonic,” elements
[10–15]. Since all of this takes place on a single chip, the
polaritonics platform is compact, versatile, and easily inte-
grated with other photonic systems, for example an optical
modulator [16]. In an important recent application, genera-
tion and coherent superposition of polariton waves in bulk
LiNbO3 by spatially and temporally tailored optical pulses
(”tilted pulse fronts”) and coupling of the waves out of the
LiNbO3 crystal has yielded high-energy THz pulses now
used widely for tabletop nonlinear THz spectroscopy and
coherent control [17].

In polaritonics, THz waves can be manipulated by fab-
ricated structures in slab waveguides that result in focus-
ing [7], diffraction [18,19], additional waveguiding [20], fil-
tering [21,22], localization and enhancement [23], or other
specified transformations [24,21,25].
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Critical to many of these applications is the ability to cut
high-quality structures into the LiNbO3/LiTaO3 slab with-
out degrading the waveguide surface, which must be of op-
tical quality for optical imaging of the THz waves. In this
paper we describe the optimization of such a fabrication pro-
cedure, which uses both femtosecond laser machining and
chemical etching.

When searching for the most effective fabrication proce-
dure for LiNbO3 slabs, we first considered optical lithogra-
phy, which has been highly refined for the integrated circuit
industry [26]. However, using this technique to pattern struc-
tures in LiNbO3 with thicknesses in the range of 10-100 μm
is cumbersome and difficult. The materials are chemically
very inert and resistant to etching of any kind, and even if
an appropriate solvent could be found there is no reliable
method to chemically etch such thicknesses [27,28]. On the
other end of the spectrum, mechanical machining makes cut-
ting structures in metals on the 100 μm length scale rou-
tine, but cutting 10 μm holes in thin, brittle substrates is
extremely challenging. Still other techniques such as ultra-
violet, sub-bandgap cw [29], and pulsed laser ablation are
apt for the feature sizes required, but typically produce sur-
face damage deleterious to waveguide performance neces-
sary in THz polaritonics because a large fluence is required
to pattern beyond a thickness of 5 μm [30,31]. The method
that has proved to be best suited for producing the desired
features in hard transparent materials is femtosecond laser
machining. It was first demonstrated in 1994 in fused silica
and metal films [32]; since then, it has been widely used in
photonics and optics [33–37]. A focused femtosecond laser
pulse with sufficient energy induces a structural change in
the focal volume leading to a permanent change in the re-
fractive index, and at even higher pulse energies ablation
occurs. Although the effects of the ejected debris, or plume,
can affect the ablation rate and must be considered at short
delay times (∼10s of ps for LiNbO3) [38], it is possible to
use femtosecond laser machining to cut a hole spanning the
entire thickness of the material [39]. Laser machining has
the advantage that no mask is required so it can be carried
out through a direct-write process, making it more suitable
than many typical top-down lithographic techniques [33,40,
41].

To create the structures required for THz polaritonics
(dimensions on the order of λ /2 or 50 μm), it is difficult to
ablate the entire pattern. As a result, we utilized the proce-
dure of carving out the desired structure by tracing its outer
boundary with the focused laser pulse, allowing the struc-
ture to simply detach and fall out. In fact, such femtosec-
ond laser machining methods for patterning LiNbO3 and
LiTaO3 slabs for THz polaritonics have been studied previ-
ously [21,24], but many densely packed structures could not
be produced cleanly. There are two particularly challeng-
ing requirements for polaritonics samples: the surface must

be maintained at high optical quality, and the damage and
bevel of the cut surface must be minimized. Maintaining the
optical-quality surfaces required for imaging of THz waves
[13,24] is quite difficult due to redeposition of laser-ablated
material. To address this problem, we deposited a protec-
tive layer of silicon dioxide (SiO2) on the surface prior to
laser machining and removed the coating, along with ac-
cumulated debris, with a post machining hydrofluoric acid
(HF) etch. To minimize surface damage and bevel, which
can adversely affect the performance of resonant cavities,
waveguides, and other photonic elements as well as obscure
some regions of the crystal during imaging, we carefully op-
timized many laser-machining parameters. We found that
the bevel — which results from the conical shaped profile
of a Gaussian beam before or after a focus — can be mini-
mized by reducing the pulse energy to just above the damage
threshold and tracing the desired pattern repeatedly at mul-
tiple sample depths. Machining in this manner yields struc-
tures with bevels approximately 2 μm wide, with further
sharpening and cleaning of the features occurring during the
chemical etching step. In the following sections, we discuss
in detail the protective layer, optimized laser machining pa-
rameters, and chemical etching process. We demonstrate the
fabrication capabilities by producing photonic crystal struc-
tures consisting of periodic arrays of holes cut through the
crystal slabs. These are challenging patterns because of the
small feature sizes and high feature density, so they serve as
useful illustrations of the efficacy of our fabrication proce-
dure.

2 Experimental Setup

The machining laser was an amplified Ti:Sapphire laser (800
nm central wavelength, 200 fs pulse duration, 1 kHz repeti-
tion rate, 6 μJ/pulse). Key optical components included a
spatial filter to improve the spot quality, a shutter to block
the laser when moving from one machining region to the
next, and a waveplate-polarizer combination to control the
power (see Fig. 1). The sample was mounted on an xyz-
translation stage equipped with computer-controlled New-
port LTA-HL motorized actuators with resolution of 0.05
μm and bi-directional repeatability of ±1 μm, which en-
abled patterning of the crystal on the micron scale. The 800
nm pulse from the laser was directed onto the sample through
a 0.25 numerical aperture (NA) objective, which caused ab-
lation of the material at the focus via nonlinear absorption
processes, the details of which are described in [41]. By fo-
cusing the laser at multiple depths spanning from the front to
back of the sample, a clear hole can be cut through the entire
thickness of the crystal; in our experiments the minimum di-
ameter of the clear hole was 3 μm. Incoherent 532 nm light
illuminated the sample, which was imaged onto a CCD cam-
era using a 10 cm focal length lens that provided a depth of
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focus of 30 μm, a resolution of 4 μm, and a magnification
of 4; this enabled real-time monitoring of the machining as
it occurred.

CCD

λ/2
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800 nm
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Fig. 1 The experimental laser machining setup where laser light is di-
rected through a 0.25 NA objective onto a LiNbO3 or LiTaO3 sample.
The laser beam spatial mode was improved with a spatial filter, while a
waveplate-polarizer combination controlled pulse energy. A motorized
actuator moved the sample relative to the focal spot in order to create
the desired pattern, while a shutter controlled the exposure time. The
sample was illuminated with incoherent 532 nm light and monitored in
real time using a 1-lens imaging system

One experimental consideration is the method of sam-
ple exposure. Conventionally, polaritonics laser machining
experiments have been done with a specified exposure time
per point (by opening and closing a shutter for a specified
interval of time), followed by moving to another point and
re-exposing [21,24]. However, in order to create larger di-
mension structures that have been cleared throughout the
thickness of the crystal, it is advantageous to keep the shut-
ter open and perform a continuous cut as it greatly reduces
the total time required to cut the structure and the wear on
the shutter.

Another more crucial experimental consideration is that
the crystal surface must be kept precisely perpendicular to
the direction of beam propagation. Even a slight misalign-
ment of the angle between the slab and the focal plane of
the incoming beam leads to significant degradation in fea-
ture quality when moving from one side of a millimeter
scale structure to another. The bevel increases significantly
when the sample is translated only 15-20 μm out of the fo-
cal plane. To overcome this issue, we attached the sample
to a mount with micrometer control over the crystal tilt. We
first determined the z-position of 3 corners of the crystal by
cutting holes in each. We then calculated and made the mi-
crometer adjustments necessary to bring the entire crystal
into the focal plane of the objective

3 Details of Optimized Parameters

In order to create a hole, laser machining was used to carve
out a pattern defining the boundary of the circle, allowing
the hole to fall out. In the process, the shutter was opened
and the crystal was continuously exposed at every 2.5 μm
along the circumference of the circle (each exposure herein
referred to as a point) by using the motion controller to move
the crystal slab laterally relative to the focus (coordinates of
trace relayed by LabVIEW R©) at a speed of 2.5 μm/ms. The
shutter was opened to initialize tracing of the pattern and
was closed when the pattern was traced out a specified num-
ber of times at successive z-depths. The stage then moved
the crystal to a new set of coordinates, after which the shut-
ter re-opened to trace out and cut the next structure.

There are a number of factors important in the machin-
ing procedure that must be considered to render optical qual-
ity surfaces, structures with a minimal bevel, and high res-
olution: protecting the surface from debris during machin-
ing, etching of the material, laser repetition rate, pulse en-
ergy, relative position of the crystal with respect to the focus
(henceforth referred to as z-depth), exposure time, pulse du-
ration, polarization, and sample frame used. These will be
outlined in detail below. We first discuss surface coating and
etching procedures that produce a clean surface and then ex-
amine laser characteristics and machining protocol that pro-
duce sharp features.

3.1 Surface Protection

For THz polaritonics and many other laser machining ap-
plications in dielectric crystals, semiconductors, metals, etc,
optical surface quality is required. Typically, the surface qual-
ity deteriorates during laser machining because a significant
fraction of the ablated material is redeposited on the sur-
face of the crystal [42–44]. The redeposited material con-
tains a number of highly reactive atomic, ionic, and molec-
ular species. In LiNbO3 they include Li+, Nb+, NbO+, and
triatomic NbO2 and LiO2

+ [45]. These react with and are
chemically bonded to the otherwise clean surface and cannot
be removed by a solvent that does not etch the crystal itself.
This debris collects on both surfaces, but is more prevalent
on the back where material is ablated when the hole breaks
through.

In order to solve the problem of redeposited material,
a number of techniques have been attempted in the past.
These include solvent washes, protective sacrificial layers,
air/nitrogen gas flowing by the sample surface during ma-
chining to blow away debris, machining in vacuum, and ma-
chining under fast flowing water films [46]. We did not at-
tempt machining in vacuum or under water, but we did try
many of the other methods. The redeposited material was
impervious to a variety of organic solvents, strong acids, and
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Piranha (1:3 H2O2:HNO3). Flowing air across the sample
had no noticeable effect. We also tried applying a protective
polymer coating to the surface. Unfortunately, both poly-
methyl methacrylate (PMMA) and polyvinyl alcohol (PVA)
coatings made the redeposition problem worse. The poly-
mers, which were presumably hardened and crosslinked by
the reactive ion species from the laser plasma, were resistant
to a host of organic solvents, strong acids, and Piranha.

To overcome this issue it was necessary to choose a more
chemically inert protective coating, one that is fully oxidized
and can withstand the reactivity of the ablated species. In
this vein, we chose 1 μm thick SiO2 [47] to coat both sur-
faces of the crystal. There are multiple advantages to using
SiO2 as a coating: it is resistant to the ablated species and
so protects the crystal underneath, it is thin and transparent
so real-time imaging of the machining process is still pos-
sible, and it can be selectively etched and removed without
impacting the unmachined portions of the substrate. We dis-
cuss the cleaning procedure fully in the following section.

3.2 Chemically Assisted Cleaning and Etching

The utilization of a HF etch in conjunction with SiO2 pro-
vided a two-fold advantage. First, it etched away the pro-
tective SiO2 coating, leaving a nearly pristine surface free
of redeposited material. The etch times in HF solution were
30-40 minutes at room temperature, consistent with typical
SiO2 etch rates of 87 nm/min [48]. Under these conditions
the optical quality of the unexposed surface was unaffected
by the HF. A second benefit of the cleaning was that the HF
etched and removed material from the regions that had been
ablated at a considerably faster rate than it etched the unex-
posed crystal, thereby aiding in clearing debris from cuts in
the sample.

Previous work has suggested that it is not possible to
pattern thick (>10 μm) hard dielectric crystals using unas-
sisted chemical etching alone [21,49,30,31]. This may be
true for single crystals (etch rate of <2 nm/min for crys-
talline LiNbO3), but amorphous material can be dissolved
more than 1000 times faster (etch rate of >5 μm/min for
amorphous LiNbO3) [50]. We have exploited this by using
laser machining to create an amorphous solid rather than re-
moving the solid entirely by ablation. In this process, the
initial laser shot removes a large portion of the material lo-
cally, and some of this material is redeposited on the sur-
face. Subsequent shots ablate material deeper in the crys-
tal, which gets deposited on the sidewalls or coagulates as
a result of heating and ultimately recloses the void; this has
been observed with as few as 5 laser pulses [49]. As op-
posed to further exposing the crystal until all material has
been removed, we rely on the HF to complete the removal
of the material without damaging the unexposed surface [see
Fig. 2]. As a result, we avoid adversely affecting cut quality

50 μm 50 μm

a b

Fig. 2 Optical microscope images of a femtosecond laser-machined 54
μm thick slab of lithium tantalate, with a 1 μm silicon dioxide coating
on both front and back surfaces. The hole diameter is 50 μm and the
triangular lattice periodicity is 100 μm. (a) The sample immediately
after laser machining. (b) The sample after an HF etch (1:5 HF:H2O)
for 30 minutes at room temperature, showing a clean surface and clear
holes

at higher pulse energies as well as long exposure times re-
quired for complete ablation at lower pulse energies. In this
way, the process takes advantage of both laser machining
and chemical etching and has a resolution higher than the
one from a conventional laser exposure method [21]. The
result of utilizing a SiO2 coating and HF etching is shown
in Fig. 2, with excellent optical quality when imaged with a
transmission microscope.

3.3 Laser Repetition Rate

The repetition rate of the femtosecond laser is important
when machining dielectric materials. We initially attempted
to machine LiNbO3 slabs using a 250 kHz repetition rate,
reasoning that many low-energy pulses would be able to cut
very fine features. In fact, we observed severe sample crack-
ing at pulse energies as low as 3 μJ, likely due to the thermal
load exceeding the thermal dissipation rate [51]. When the
power was reduced sufficiently to avoid cracking, exposure
times became very long and there was significant degrada-
tion of surface quality. To address these issues, we moved
to a 1 kHz repetition rate (Δ t =1 ms) at which we found
that sample cracking was rarely an issue, and the number
of pulses was greatly reduced to minimize nearby surface
damage.

3.4 Pulse Energy

Controlling the pulse energy is necessary to create the small-
est damage spot size, while still creating enough damage
such that the HF etch will clear the structure through the
slabs thickness. We tested a wide range of pulse energies,
and found the optimal energy for our focusing parameters
to be roughly 6 μJ. Greater pulse energies led to unwanted
damage, while smaller energies yielded minimal improve-
ment in resolution with significantly longer scan times re-
quired to clear the hole. With 6 μJ/pulse, we cut a hole of
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ba

2 μm 10 μm

Fig. 3 SEM images of features produced in a 54 μm thick slab of
lithium niobate with a 1 μm silicon dioxide coating on both front and
back surfaces. These demonstrate the resolution of laser machining
with a 0.25 NA and subsequent HF etching for 30 minutes at room
temperature. (a) Hole with a diameter of 3 μm. (b) Line with width of
6 μm

only ∼3 μm in diameter and a line ∼6 μm in width through
a 50 μm thick crystal slab utilizing the HF assisted method
as shown in Fig. 3.

3.5 Z-Depth Scanning Range

The other major parameter of importance is the z-depth scan-
ning range. In previous work [21], a lower NA lens was used
in order to maintain a depth of focus (DOF) comparable to
the crystal thickness such that a hole was cleared through
the entire crystal thickness with the sample at a single z-
depth, typically with the crystal center at the focal plane.
The disadvantage of the lower-NA lens choice is that the res-
olution scales with the inverse of NA, so the feature size is
increased when moving to a larger DOF. In order to preserve
high lateral resolution we used a higher NA lens (0.25), but
the smaller DOF made it necessary to move the focus rel-
ative to the sample (along the z-axis) and cut the pattern at
multiple depths within the crystal to fully clear out the hole.
Thicker crystals required more cuts at more z-depths.

We found that for the 0.25 NA lens (DOF = 8 μm), the
optimal step size between traces was Δz ≈ 16μm ≈ 2 ·DOF.
When larger steps were taken along z, the pulse energy had
to be increased to fully cut through the sample, resulting
in more damage around the cut. Smaller steps along z led
to a negligible reduction in bevel but required significantly
longer scan times and led to increased material redeposition
on the crystal surface. In a 54 μm thick crystal, we achieved
a 2 μm bevel from the front to back surface, only slightly
larger than the diffraction-limited spot [λ /(2NA) = 1.6 μm].
The bevel was measured by comparing the radius of the pat-
terned holes on both the front and backside of the crystal
(see Fig. 4 (a),(b)), and SEM images of the sidewall con-
firmed this slanted profile (see Fig. 4 (c)).

Fig. 4 (d), which is a representative example of experi-
ments used to optimize the experimental parameters we dis-
cuss, shows 50 μm diameter holes patterned at a succession
of pulse energies and z-depths followed by etching in an HF

50 μm

2 μJ

4 μJ

6 μJ

8 μJ

10 μJ

Center +50 μm +100 μm-100 μm -50 μmd

10 μm 10 μm 10 μm

a b c

Fig. 4 Images of holes machined on a 54 μm LiNbO3 sample using a
0.25 NA objective and subsequent HF etching for 30 minutes at room
temperature. (a) SEM image of the front of a single machined hole
with diameter of ∼69.7 μm. (b) SEM image of the back of the crystal
with diameter of ∼65.7 μm, together with (a) demonstrating a 2 μm
bevel at optimum machining conditions (c) SEM image of the sidewall
of a hole with diameter of ∼80 μm demonstrating minimal sidewall
roughness and a slightly slanted profile from front to back (d) Optical
microscope image of 50 μm diameter holes created to analyze influ-
ence of laser pulse energy (indicated on the right) and z-depth (indi-
cated across the top). ”Center” indicates the focal plane at the center of
the 54 μm crystal thickness. Positive z-depth values indicate the focal
plane closer to the front surface of the crystal, negative values closer to
the back surface. Each of the values indicates the center about which
four machining scans were conducted at 16 μm intervals

bath (1:5 HF:H2O). Four repetitions at 16 μm z-depth in-
crements were used to create an air hole structure with the
z-position in the figure referring to the center position for
that set of scans. Note that for the 2 and 4 μJ pulse energies,
the un-machined portion of the LiNbO3 crystal inside the
circle, which was supposed to fall out during the machining
or subsequent etching, is still visible because the cut did not
fully penetrate the slab. Further, it is clear that both align-
ments relative to focus and pulse energy have large effects
on the damage profile. Care is required to obtain high quality
features.

3.6 Exposure Time

Having determined the optimal z-depth increment, it was
then important to minimize the exposure time during each
machining scan. This parameter can be labeled more appro-
priately as ”pulses per point per repetition” in our process
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due to the re-tracing at multiple z-depths. After the material
in the laser focus has been ablated, exposing for more time
has very little effect except for some deleterious redeposi-
tion of waste on the crystal surface. For this reason, and to
minimize overall fabrication time, we determined the min-
imal number of pulses required to create enough damage
such that an HF etch could clear out the hole. The result was
approximately 5 pulses per point per repetition. A 54 μm
thick sample of LiNbO3/LiTaO3, where the z-scan parame-
ter dictates re-tracing the same pattern at 4 depths, requires
a total of 20 pulses at 6 μJ for each (x,y) location in a ma-
chined sample structure. For the circular structures in this
paper, 90 points along the circumference of the hole were
used to carve the pattern, which translates to a total of 1800
pulses to create a structure. This is much reduced from pre-
vious work where roughly five thousand 10 μJ pulses at 800
nm were required to reach a penetration depth of 50 μm
[21], clearly showing the advantage of scanning the z-depth
and using the HF etch to help clear the hole.

3.7 Pulse Duration and Polarization

We investigated several other parameters in order to gauge
their influence on the quality of laser machining, most no-
table of which were pulse duration and polarization. The
laser pulse was stretched from 200 fs to 1.2 ps, which had
minimal impact on machined structure quality. The polar-
ization state of the cutting laser (circular, vertical, and hor-
izontal polarizations relative to the optic axis of the x-cut
crystals were tried) also had minimal impact.

3.8 Sample Frame

When dealing with such brittle crystals, only tens of mi-
crons thick, mounting of the sample in a rigid frame during
processing and subsequent experiments greatly increases the
chances that the sample will survive unbroken. Since the z-
position of the sample has been determined to be sensitive
within 16 μm, it is also important that the frame/holder used
to mount the crystal be made of a fairly smooth material
that allows level placement of the sample. We had good re-
sults with a frame made from a ∼1 mm thick piece of nickel
(Alloy 400), which is rigid and smooth, can be easily ma-
chined on a standard mill, and is impervious to the HF etch.
The crystal slab can be easily and reversibly attached to the
frame using a clear base coat nail polish (such as Maybelline
- Express Finish R© 50 Second), which also withstands the
HF etch.

4 Results and Summary

Fig. 5 (a) and (b) show two extended structures fabricated
in lithium tantalate using all the optimized parameters dis-
cussed in section 3. The structures are photonic crystals, pe-
riodic arrays of holes used to create band gaps (frequency
ranges where light is not allowed to propagate) and to other-
wise modify light dispersion. These are particularly difficult
to fabricate because they are made of many small, closely
spaced structures that produce a great deal of debris and that
present a significant risk of sample cracking. As is evident
from the figure, the machining procedure described can cre-
ate very fine features over large areas without degrading sur-
face quality. The field of view for the structures shown is 3
mm, but we have machined structures as large as 1 cm in
length. In principle, the size of the structures is only limited
by the sample size and the range of travel of the motorized
actuators.

The ability to image THz electric fields within such cleanly
machined, optical quality structures is demonstrated in Fig.
5 (c). This is one frame from a movie of THz electric fields
travelling at the speed of light and interacting with the pho-
tonic crystal lattice. The frame was recorded with a probe
pulse that was delayed by 40 ps following a pump pulse that
generated a THz wave that propagated at light-like speeds
in the LiNbO3 slab waveguide. Phase-sensitive imaging was
used to visualize the spatially varying transmitted probe light
intensity I(x,y), whose polarization was rotated by the THz
field [52]. A reference image Io(x,y) was recorded with the
pump pulse blocked and the THz field absent. The image
shows the THz-induced change in signal, calculated as [I(x,y)
- Io(x,y)] / Io(x,y). Many additional images were recorded
with different pump-probe delay times, and played in rapid
succession they present a ”movie” of THz wave propagation
in the machined crystal, permitting close observation of the
field within a photonic bandgap structure.

To summarize the important parameters discussed above,
a typical machining procedure is outlined here for cutting
holes in a crystal slab 50 μm thick, in this case x-cut lithium
tantalate. To begin, the process involves a plasma enhanced
chemical vapor deposition (PECVD) step to coat both sides
of the sample with a 1 μm layer of SiO2. After coating, the
sample is mounted on the nickel frame as described above.
Following this, the sample is oriented with the plane perpen-
dicular to the beam direction, and laser machining is done on
the sample at 4 depths with a z-depth scanning increment of
16 μm (e.g. front surface, 16 μm, 32 μm, back surface) us-
ing the experimental setup shown in Fig. 1. Pulse energy for
the system is kept to 5-6 μJ/pulse with 5 pulses per point per
repetition. This is followed by an HF etch of the sample (1:5
HF:H2O) for 30-40 minutes, which preferentially etches the
transformed material and protective silica coating, resulting
in a clean surface and in holes cleared through the thickness
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a

100μm

100μm

c

100μm

Fig. 5 Images of large-scale features created in a 54 μm LiTaO3. (a) A square lattice of air holes, rotated by 45o, with a diameter of 70 μm and a
100 μm periodicity. (b) A triangular lattice of air holes with a diameter of 50 μm and 100 μm periodicity. In (a) and (b), the total field of view is 3
mm and imaging was done with an optical microscope. (c) Image of THz field in a hexagonal lattice of 100 μm periodicity and 25 μm hole radius

Table 1 Optimized parameters for laser machining of LiNb3/LiTaO3

Parameter Optimized Value

Pulses per point per z-depth 5
Pulse energy 6 μJ
Laser repetition rate 1 kHz
z-depth scanning increment 16 μm
Surface coating 1 μm SiO2
HF etch time (1:5 HF:H2O) 30-40 minutes
Pulse duration Not critical (200 fs - 1.2 ps)
Polarization Not critical

Optimal resolution 3 μm
Machinable area >1 cm2

of the crystal. For convenience, the important optimized pa-
rameters are outlined in Table 1.

5 Conclusion

We have demonstrated a novel process of LiNbO3/LiTaO3

fabrication that yields greater control than conventional opti-
cal lithography or previously demonstrated laser machining
by combining optical and chemical processing. The HF etch
removes a protective SiO2 layer, yielding extremely clean
surfaces. In addition, HF preferentially etches damaged ma-
terial, reducing the bevel and increasing overall resolution.

During processing, it is important to consider the var-
ious critical parameters that must be controlled. Pulse en-
ergy and exposure time must be minimized to just above the
damage threshold, followed by scanning along the z-axis in
step sizes roughly double the depth of focus. This process

allows subsequent HF etching to clear out the desired struc-
ture through the crystal thickness. These steps are utilized to
protect the optical surface and minimize bevel, both crucial
indicators of laser machining quality. It may be possible to
achieve finer resolution in the future using a higher NA lens
or shorter wavelength light to reduce the diffraction-limited
spot size. Under some circumstances it might be possible
to fabricate structural elements smaller than the diffraction
limit, as has been demonstrated in some other laser machin-
ing processes [32,53].

The fabrication process was originally optimized for LiNbO3.
The same optimized parameters were then applied to LiTaO3,
another dielectric single crystal, with good results. This is an
indication that the protocol we developed could be applied
without major modification to an array of transparent mate-
rials.
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