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UV Direct Write Metal Enhanced Redox (MER) Domain
Engineering for Realization of Surface Acoustic Devices on

Lithium Niobate

Didit Yudistira,* Andreas Boes, Amgad R. Rezk, Leslie Y. Yeo, James R. Friend,

and Arnan Mitchell

A new and highly versatile domain patterning method—ultraviolet direct
write metal enhanced redox (UV direct write MER)—achieves deep domains
with practically no thermally-induced damage on the surface of lithium
niobate crystals. In UV direct write MER, after coating with a thin layer of
chromium, the domain inversion is generated by a redox process induced in
the crystal by illumination with high intensity UV in an ambient dry nitrogen
atmosphere. This new technique enables the fabrication of practical piezo-
electric acoustic superlattice structures on 128° YX-cut LiNbO;, the most
widely used crystal cut for surface acoustic wave applications. For example,
UV direct write MER was used to form an acoustic superlattice 128° YX
structure that in turn enabled the generation of surface acoustic waves of
sufficient strength to develop fluid flow within a droplet of water, demon-
strating its potential in practical microfluidic manipulation. This is the first
demonstration of a UV direct write surface acoustic wave transducer reported
to date, made possible only due to the unique qualities of the MER domain

high throughput drug screening and drug
delivery, all of which have received sig-
nificant interest.®l Typically, transducers
based on interdigital electrodes deposited
on a single crystal of piezoelectric material
such as lithium niobate (LiNbO3)!? have
been used to generate and detect the SAW,
particularly for applications in microflu-
idics.® A significant drawback in current
approaches is the absence of accurate con-
trol of the SAW propagation and behavior;
far more care is necessary in forming
structures that can generate, detect, and
manipulate the SAW. To do so, structures
including acoustic waveguides!!'” and
metal gratings(!! have been employed in
telecommunications and optical applica-
tions to enable lateral confinement! and
wavelength selection of SAW and acoustic

engineering process.

1. Introduction

The ability to integrate surface acoustic waves (SAWSs) into
microdevices have opened a new frontier in a wide range of
fields, from electronics,!l optical communications,?! and biosen-
sors>~! to acoustic microscopy! and gyroscopics.”! Recently, the
use of SAW for manipulation of fluids and bioparticles at small
scales has been demonstrated for point-of-care diagnostics,
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mirrors.[!! While metal gratings, including

interdigital transducers, have found broad

acceptance, high fabrication resolution in
the metal film's structure is required, particularly in the finger
electrode structure, which can be difficult to fabricate, and sub-
ject to substantial damage when used for high power applica-
tions.['Zl Further, the metal can significantly disturb the acoustic
waves' generation, form parasitic modes and overtone reso-
nances, and suppress their departure from the electrode struc-
ture on the surface, all critical to the device’s application.

An alternate means of generating and detecting the SAWSs is
through the use of a piezoelectric acoustic superlattice (ASL).['314
An ASL is an engineered structure that is similar to periodically
poled lithium niobate in nonlinear optics;"! however, instead of
a periodic change in the sign of the second-order optical nonlin-
earity, the structure possesses an alternating change in the sign
of the piezoelectric constant. Uniform fields can then be applied
using coplanar electrodes on either side of the ASL, resulting in
a periodic displacement of the surface and hence the generation
of the SAW.[1314 In previous work,!!l we have shown an ASL can
induce a SAW bandgap similar to phononic structures physically
patterned on the substrate surface,”-18 but absent the structure
required in traditional phononic devices that may interfere with
the SAW and its application. Piezoelectric ASLs have since been
used to achieve a monolithic, integrated SAW in addition to
bulk acoustic wave devices,[*1% acousto-optic filters,2%21] delay
lines,["*?2l and phonon-polariton crystals.[?3-%%]
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To date, the ASL structures have used ad-hoc electric field
poling on a single crystal of Z-cut LiNbO5.I"") While these show
considerable potential, there is an inherent limitation of this
crystal cut in that it is difficult to generate surface waves without
also generating bulk waves. For applications where concentrated
SAW energy is required, for example in microfluidic actuation,®!
the substrate of choice is 128° YX-cut LiNbOs, as it possesses
an optimal coupling constant and also suppresses parasitic bulk
waves.?%l However, it is not possible to create an ASL on 128°
YX-cut LiNbO; using ad-hoc electric field poling, as the polar
axis is not aligned to a vertical axis of the wafer. While alternate
techniques for domain engineering of non-polar cut LiNbO;
have been reported, including Ti diffusion?”! and oxygen out-
diffusion,?”?8! the diffusive nature of these processes makes it
difficult to achieve the micrometer-scale, fine-featured structures
necessary to achieve the requisite acoustic frequencies. Recently,
a direct write process using a continuous wave UV laser has
been demonstrated as a means for domain engineering/?>3% the
non-polar facets of ferroelectric crystals, such as X- and Y-cut
LiNbO;8% and also strontium barium niobate (SBN).3U A signif-
icant advantage of this technique is that local domain inversion
can be achieved at room temperature by directly scanning the
UV laser across the crystal surface, providing superior domain
patterning control useful in creating complex poling structures
on facets of an arbitrary polarization orientation. However, to
achieve domains on the order of a few microns deep, the inten-
sities and durations of laser exposure required typically lead to
thermally-induced damage on the surface of the crystal.

In this paper, we present a new and highly versatile domain
patterning method—UV direct write metal enhanced redox
(MER)—that we show to be effective for the patterning of piezo-
electric ASL structures on 128° YX-cut LiNbO;. This new tech-
nique achieves domain engineering by energizing a thin film
of chrome on the surface of the LiNbO; crystal using a focused
UV beam in a dry nitrogen atmosphere. The energized chrome
drives a redox process and the subsequent movement of defect
ions causes domain inversion beneath the irradiated regions. To
demonstrate the utility of this technique, we fabricated an ASL
structure and employed it as a SAW transducer. Prior to fabri-
cation we carried out finite element simulation to predict the
SAW generation as a function of the depth of the MER-made
ASL structure. The functionality of this device was then vali-
dated through a brief demonstration of microfluidic actuation.
This is the first demonstration of a UV direct write SAW trans-
ducer reported to date and is only possible due to the unique
qualities of the MER domain engineering process. The ability
to flexibly create practical ASL structures at room temperature
on demand and on arbitrary crystal orientations is anticipated
to open a new frontier in SAW device research and applications.

2. Results and Discussion

2.1. Domain engineering 128° YX-cut LiNbO; with UV Direct
Write MER

The fabrication setup is illustrated in Figure 1a. A 128° YX con-
gruent LiNbO; wafer with a thickness of 500 pm (Roditi Ltd.,
London, UK) was coated with a 40 nm chromium film by e-beam
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Figure 1. (a) lllustration of the UV poling fabrication setup used to fab-
ricate the ASL structure in which the domain is written by a focused UV
laser moved along a direction perpendicular to the crystallographic X-axis
of the crystal. Prior to the writing, the LiNbO3 crystal was covered with
a 40 nm thick chromium layer. (b) After the process, the chromium was
removed from the sample using chromium etchant. (c) The domain the
sample was then diced along X-axis and polished at an angle 6= 6°. Sub-
sequent etching using HF was performed to reveal the resulting domain.

evaporation, followed by irradiation by a 7 um diameter UV
beam generated with a frequency doubled argon ion laser with
a wavelength of 244 nm. The beam was tightly focused using a
fused silica lens with a focal length of 40 um. The sample was
then positioned in a closed chamber with a fused silica window.
The chamber was filled with dry nitrogen and mounted on a
three-axis computer-controlled translation stage that moves
at a velocity of 0.1 mm/s, scanning a focused UV laser beam
across the surface of the substrate along a direction perpendic-
ular to the crystallographic X-axis (Figure 1a). To determine the
achievable domain depth, the intensity of the UV beam I was
increased from 2.6 x 10° W cm™ to 3.4 x 10° W cm™2. After the
UV irradiation process, the chromium was removed from the
surface sample using a chromium etchant (Figure 1b). To ana-
lyze the profile and also the depth of the resulting UV written
domains, the samples were diced along the X-axis and polished
at an angle 6 = 6° as shown in Figure 1c. The angle-polished
samples were treated with hydrofluoric acid (HF), which pref-
erentially etched the domain-inverted crystal. The etched,
angle-polished surface was imaged using scanning electron
microscopy (SEM), in which the sample was positioned with its
thickness parallel to the electron beam direction. For compar-
ison, we also performed UV direct write domain engineering
on uncoated crystals, obtaining results for these uncoated sam-
ples similar to previous reports.>

Microscope images taken from the coated samples, after
removal of the chromium layer, and of the uncoated samples,
are shown in Figures 2a and 2b, respectively. Figure 2a clearly
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Figure 2. Micrographs of (a) coated and (b) uncoated samples taken after the UV irradiation process. For the coated sample, the image (a) was taken
after removal of the chromium layer. The scale bars in (a) and (b) are 1 mm. (c-f) SEM images of the resulting domains that were obtained using
UV direct write MER with various UV beam intensities I: (c) 2.6 X 10° W cm2, (d) 2.9 X 10° W cm™?, (e) 3.1 X 10° W cm™2, and (f) 3.4 X 10° W cm™2.
(g-f) SEM images of the resulting domains obtaining using a standard UV domain writing process with various intensities: (g) 2.6 x 10° W cm™,

(h) 2.9 105 W cm2, (i) 3.1 X 10° W cm™2, and (j) 3.4 x 10° W cm 2.

shows that the UV illuminated area on the coated sample is
much darker in color than the uncoated sample (Figure 2b),
indicating that a redox process has occurred on the crystal sur-
face.l?”! This process can be explained as follows: the chromium
film absorbs the UV light and heats rapidly, locally heating both
the chromium and the LiNbOj; crystal. At this elevated tempera-
ture, the oxygen in the LiNbO; crystal becomes mobile and can
out-diffuse from the surface.[’?l The temperature also enhances
the reactivity of the chromium, such that it becomes a strong
sink for the out-diffusing oxygen. The UV irradiation is con-
ducted in an oxygen deficient nitrogen atmosphere and so only
the oxygen from the LiNbOj; crystal diffuses into the chromium
where it is trapped. This continues until the chromium is satu-
rated, becoming fully oxidized; or until the localized heating
due to irradiation is halted.

It has been reported that oxygen out-diffusion, as seen
in Figure 2a, can cause domain inversion.’? To visualize the
domain polarity, the samples were cross-sectioned, polished at
6° and then etched in HF. The etched surfaces were inspected
using SEM, as shown in Figures 2c-f, revealing the domain
structure of the chrome-coated samples for various laser inten-
sities. Equivalent images of the uncoated samples are presented
in Figures 2g-j. Figures 2c-f clearly show that domain inversion
has been achieved with the UV direct write MER process and
that the depth and width of the domains increase with higher
UV light intensities with no damage apparent on the surface.
While the results for the uncoated samples (Figures 2g-h) also

Adv. Mater. Interfaces 2014, 1, 1400006

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reveal inverted domains that are enlarged with the UV intensity,
there is nevertheless evidence of significant damage (cracks) on
the domains even at the lowest intensity (Figure 2g).

Given that the samples were polished at an angle 6 = 6°, the
domain depth presented in the SEM images appears stretched.
The actual domain depth can be determined using § = A tan
0, where A is the depth measured from the SEM image (see
Figure 2f). Figures 3a and 3b present the domain depth 6 and
width W as a function of the laser intensity I. It can be seen
that both the depth and the width increase almost monotoni-
cally, although the depth increases slightly more rapidly than
the width. This ability to control both the width and the depth
could be very useful for the fabrication of the piezoelectric
superlattice structure, as it would allow flexible control of the
duty cycle and the period of the lattice. In our experiments,
we observed that damage or cracks on the domain started to
become apparent even on the coated samples when the UV
intensity was at or above 3.4 x 10° W cm™.

2.2. Impact of Domain Depth of the MER Generated 128° YX
ASL Structure on the Generation of the SAW

To demonstrate the capabilities of UV direct write MER, we
used the process to fabricate a piezoelectric acoustic superlat-
tice (ASL) structure in 128° YX-cut LiNbO; for use as a SAW
transducer. All previously demonstrated ASL SAW transducers
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Figure 3. (a) Measured domain depth 6 and (b) width W as a function
of the intensity UV beam | from the samples, which were patterned with
UV direct write MER.

have been achieved on Z-cut crystals with the engineered
domains extending through the entire thickness of the crystal
substrate.'31419 [t is clear from Figure 2 that while the
domains are formed with MER, their depth is finite at several
microns deep. Thus, before fabricating the ASL, we first inves-
tigated the impact of the domain depth on the generation of
the SAW using a finite element simulation. Figure 4a illus-
trates the actual three-dimensional structure of the ASL SAW
transducer.!'¥l The simplified two-dimensional model consid-
ered consisted of the cross-section along the red dashed line
shown in Figure 4b, with a domain depth 6 and period A, sur-
rounded by perfectly matched layers (PML) at the boundaries
of the numerical domain. The simplified model therefore only
considers the influence of the vertical component of the electric
field on the generation of the SAW. The depth of the domain

T T T T T
080 085 090 095 100 105 1.10

fA/V,
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was normalized using a dimensionless parameter T = J/A.
Figure 4c shows the calculated spectral response of the trans-
ducer at 7= 0.3 from which a resonance peak at frequency fsaw
=Vsaw/A was observed where Vsay is the SAW velocity, indi-
cating the expected SAW generation. This was also confirmed
by the corresponding displacement profile shown in Figure 4d,
calculated at fsay. Figure 4e presents the calculated full SAW
displacement profile of the transducer at 7= 0.3, obtained from
the three-dimensional finite element simulation!*®l by consid-
ering all components of the electric field. This result shows that
the energy is confined between the electrodes, in contrast to the
previous ASL transducers realized on Z-cut crystal substrates
along which the acoustic wave leaks beneath the metal elec-
trodes!!*33 unless confined by an acoustic waveguide formed
by mass loading.[*"!

Having shown that SAW generation is possible even with
domains that are relatively shallow (7 = 0.3), we then exam-
ined the possibility of identifying an optimum domain depth
by employing the two-dimensional simulation above. The fre-
quency was fixed at the resonance (fsaw), and the normalized
depth 7 was varied from 0 (unpoled substrate) to a large value
(T=3 in this study). For each value of 7, the transmission T was
then calculated from the ratio of the outgoing SAW displace-
ment O, to the maximum displacement o,,,,,. Figure 5a shows
the results obtained from the numerical simulation. A max-
imum in the SAW transmission was obtained at around 7= 0.3,
implying that a freely propagating SAW should be generated
by an ASL with this depth. The SAW displacement distribu-
tion for the ASL transducer with 7= 0.3 is presented in Figure
5D, clearly showing the propagating nature of the SAW. How-
ever, when 7 >> 0.3, the transmission is observed to decrease
despite the generation of the SAW, suggesting that the SAW is
mostly localized within the lattice. The SAW displacement pro-

Figure 4. (a) Schematic of the ASL-based SAW transducer consisting of two coplanar electrodes acting as bus bars and the ASL structure with shallow
domain depth obtained through UV direct writing. (b) Cut-out illustrating the two-dimensional model structure used in the simulation carried out
along the red dashed-line shown in (a). PML refers to the perfectly matched layer applied at the domain boundaries in the simulation to match the
experimental situation in which unwanted reflection is absorbed at the boundaries. (c) Calculated SAW spectral response of the transducer for a domain
depth 6=0.3A. Vspay = 3980 m/s is the SAW velocity on 128° YX-cut LiNbOs. (d) Corresponding SAW displacement profile calculated at frequency foaw,
verifying the generation of the SAW. (e) Calculated full displacement profile of the SAW generated on a finite depth 128° YX piezoelectric superlattice
transducer. The SAW field is mostly confined within the gap region. In the calculation, the electrode gap was taken to be A and the electrode width is
1.5A.
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Figure 5. (a) Calculated outgoing surface acoustic energy T as a function of the domain depth J represented by the normalized parameter 7, which was
varied from 7= 0 (un-written) to 3 (deeply written). The frequency was fixed at fsay in the simulation. (b) SAW displacement profile calculated at the
maximum transmission 7= 0.3, showing a freely propagating SAW. (c) Calculated SAW displacement profile for the case of a deeply written domain

7 =3, showing the localization of the SAW.

file calculated at 7= 3 and presented in Figure 5c, on the other
hand, clearly indicates the stationary, bound nature of the gen-
erated SAW. This result, in fact, is in good agreement with our
previous studies on Z-cut ASL structures!'® where the localiza-
tion is due to the presence of a SAW band gap that induces
SAW reflection, which appears to be stronger when the domain
depth is larger than the lattice period. As expected, when the
domain depth is insufficient (7 < 0.1), it is predicted that no
SAW generation should be observed.

2.3. Fabrication of Piezoelectric Acoustic Superlattice on 128°
YX LiNbO; and Application of the SAW Device for Microfluidic
Manipulation

Based on the above modeling results and the structures shown
in Figure 2, we fabricated two ASL structures with A = 15.5 um
and 21 um using MER with a laser intensity of 3.4 x 10> W
cm on a 128° YX-cut crystal substrate. The measured domain
depth was around 3.4 pm, about 22% and 16% of A = 15.5 um
and 21 um, respectively; thus it should be sufficiently large to
generate SAWs, as suggested by the simulations in Figure 5a.
Based on these values of A for the periods and assuming an
acoustic velocity of 3980 m/s, the expected resonance frequen-
cies fsaw of the generated SAWs are 256.7 MHz and 189.6
MHz, respectively, and the structures consequently comprise
1000 periods. A pair of 150-nm thick coplanar aluminum
electrodes, 80 pm in width with a 20 pm gap between them,
were deposited on top of each structured substrate as shown
in Figure 6a. The spectral response of the fabricated device
was analyzed by measuring the displacement ¢ using a Laser
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Doppler Vibrometer (LDV) as a function of the frequency of the
RF signal applied to the electrodes. Figures 6b and 6¢ show the
measured acoustic displacement as a function of the applied RF
frequency for ASL transducers with periods A =15.5 um and 21
Um, respectively. Strong resonances are observed around 256.8
MHz and 189.7 MHz, which are close to the expected values,
and therefore verify the generation of the SAW.

To demonstrate that these MER-realized ASL structure for
transducers can produce sufficient SAW amplitudes to per-
form useful work, we conducted a proof-of-concept microfluidic
experiment to show the possibility of acoustically manipulating
a particle suspension within a sessile droplet, similar to what
has been done using IDT-based SAW devices on 128° YX-cut
LiNbO;B4 for comparison. Briefly, a 3 ul droplet in which
4.5 um fluorescent polystyrene microparticles were suspended
was centered on the A = 15.5 um transducer, as shown in
Figure 7a. The transducer was driven by applying an RF signal
at its resonance frequency fsaw = 256.8 MHz and at a power
of 3 W, generating SAW with a displacement ¢ = 0.1 nm as
measured with the LDV, corresponding to a vibration velocity
of 0.16 m/s. The particles inside the droplet were imaged as
shown in Figures 7b and 7c, respectively, before and 30 sec-
onds after commencing the electrical drive of the transducer.
Figure 7c shows a vortex flow pattern arising from acoustic
(Eckart) streaming in the drop induced by the SAW that is typ-
ical of standard IDTs.2* We note from the figure that the flow
pattern starts from the center of the droplet corresponding to
the aperture of the SAW field in the gap region, as previously
shown in the simulation (Figure 4e). As such, it is not difficult
to surmise that the ASL structure fabricated in the present work
is capable of generating SAWs that can interact with fluids and
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can be used to effect the entire range of SAW
microfluidic processes (e.g., drop actuation
and microcentrifugation) driven by acoustic
streaming that have thus far been reported
and which have received considerable atten-
tion to date.’] The ASL structure neverthe-
less retains a significant advantage of IDT
structures in that it enables direct interaction
between the fluid and the SAW at the point
of generation without interference from
the electrodes and that it enables far higher
acoustic powers to be used beyond that pos-

Aluminum
electrodes

b
(b) |

~~
=

A=21 pm S
©

c (a.u)

Joaw=189.6 MHz
(prediction)

IIIl|I||I|I|I

185 190 195 240 260
RF frequency (MHz)

Figure 6. (a) Micrograph of the fabricated 128° YX-cut ASL transducer fabricated with UV direct
write MER with | = 3.4 X 10° W cm~2 with the width and the gap of the aluminum electrodes
being 80 um and 20 pum, respectively. (b,c) Measured spectral responses of the transducer for
periods A =21 um and 15.5 um, respectively. The insets in (b,c) show the SEM images of the

ASL structures with different periods A. The scale bar in (a) is 20 um.

—— Sessile dro

(a)

Aluminum
electrodes

Q

Figure 7. (a) Schematic of the experimental setup in which the SAW gen-
erated using the 128° YX-cut ASL transducer is transmitted into a ses-
sile fluid drop placed on the transducer surface. (b) Image showing the
distribution of polystyrene microparticles suspended in the drop in the
absence of SAW. (c) Image showing the distribution of polystyrene micro-
particles suspended in the drop 30 seconds after the ASL was driven,
showing the possibility for driving SAW-driven acoustic streaming, known
as Eckart flow, that is typical of the behavior observed when the droplet
is excited with the SAW generated from conventional IDTs. In (b) and
(c), the dashed-lines indicate the outer edges of the coplanar electrodes.
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sible with IDT structures.

3. Conclusion

In summary, we have introduced metal
enhanced redox (MER) as a highly versatile
UV direct write technique for domain pat-
terning of lithium niobate that can achieve
deep domains with practically no thermal-
induced damage on the surface. The domain
inversion, generated by a redox process that
is induced in a crystal coated with a thin
layer of chromium, is illuminated with a
high intensity of UV beam in ambient dry
nitrogen atmosphere. This new technique
makes it possible to fabricate practical pie-
zoelectric acoustic superlattice structures
on 128° YX-cut LiNbO;, which is the most
widely used crystals cut for SAW applica-
tions. We have conducted simulations and
experimental validation, which show that the ASL structure can
be exploited as an effective transducer and that the generated
SAW field is freely propagating and mostly confined within the
gap region, which is in contrast to previously demonstrated
Z-cut ASL transducers.[333 We subsequently showed the pos-
sibility of using the fabricated transducer for driving flow and
suspended microparticles within a fluid droplet, demonstrating
the platform can be exploited for practical microfluidic manipu-
lation. The proven simplicity, flexibility and effectiveness of this
technique therefore make it attractive for rapidly producing
complex acousto-microfluidic devices.

A=15.5 ym

=256.7 MHz
(prediction)

280
RF frequency (MHz)

4. Experimental Section

Surface acoustic wave: The SAW was generated by applying a RF signal
to the transducers fabricated with UV direct write MER technique using a
signal generator (Rhode & Schwarz, SMLO1, North Ryde, NSW, Australia)
in conjunction with an amplifier (Mini Circuits ZHL-5W-1, 5-500 MHz,
Brooklyn, NY, US) and 3 A, £24 DC power supply. The spectral response
of the transducer was then measured using a Laser Doppler Vibrometer
(LDV, UHF-120, Polytec GmBH, Waldbronn, Germany). An acoustically
absorbing material (o~gel, Geltec Ltd, Yokohama, Japan) was placed on
the backside of the observed structure.

Acoustofluidics: A deionized water droplet of 3 ul suspended with
4.5 um polystyrene particles (Sigma-Aldrich Pty Ltd, North Ryde, NSW,
Australia) was placed on the transducer. The particle motion was
captured using a digital SLR camera (EOS 550D, Canon, Utsnomiya,

Adv. Mater. Interfaces 2014, 1, 1400006
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Japan) fitted with a macro lens (EF-S, Canon; 60 mm focal length,
F/2.8).
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