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ABSTRACT
Recently, the fabrication of high-resolution silver nanostructures using a femtosecond laser-based direct write process in a
gelatin matrix was reported. The application of direct metal writing towards feature development has also been explored
with direct metal fusion, in which metal is fused onto the surface of the substrate via a femtosecond laser process. In this
paper, we present a comparative study of gelatin matrix and metal fusion approaches for directly laser-written fabrication of
surface acoustic wave transducers on a lithium niobate substrate for application in integrated optic spatial light modulators.
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1. INTRODUCTION
Ultrafast laser micromachining has emerged as a powerful tool for structural fabrication across many disciplines. In partic-
ular, femtosecond laser micromachining has developed into a versatile tool for fabrication of micro- and nano-structures.
This approach can be applied towards complex integrated optics and three-dimensional structures. Such a technique is
appealing due to the simplified fabrication and control it allows: fabrication can be conducted in ambient laboratory con-
ditions, without emitting any poisonous gases and without the use of specialized cleanroom equipment. Resulting features
are robust and stable in oxygen-rich environments.1, 2

Features and optical elements are written through a combination of ablative processes where material is removed from
specified areas, deposition processes by which materials are fused onto or propelled towards a substrate, or densification
processes in which the material refractive index is permanently altered.3 Speed of deposition and patterning are limited by
the repetition rate of the laser system and stage speed. Therefore, speed is often faster than competing processes such as
electron beam lithography. Femtosecond pulsed lasers interact with materials differently than longer pulsed lasers. These
interactions stem from the fact that femtosecond pulses can induce material changes on a timescale such that thermal effects
are avoided.

Femtosecond laser micromachining presents crucial advantages over alternative techniques, particularly for transparent
substrates. Spatial confinement of the laser beam interaction region and focal volume allows for fabrication of complex,
three-dimensional structures. The use of highly precise stages for translation of the sample further enables complex fea-
tures. Femtosecond machining also results in absorption processes that are material independent; however, such absorption
only occurs below a material-dependent thermal threshold. The simplified fabrication and precise spatial control afforded
by femtosecond machining are somewhat analogous to inkjet printing, though it is ultimately more versatile and has fewer
restrictions.

In direct laser metal writing processes, laser pulses typically induce the transfer of material from a film onto another sub-
strate. Laser-transparent materials are optimal, as pulse energy is able to propagate through the substrate and be absorbed
by the film of material to be deposited.2 As the pulse energy exceeds an energy threshold, the film material is propelled
towards the final acceptor substrate.2 The use of precise stages and laser control are thus used to pattern complex features.

Building on our previous development of an anisotropic leaky-mode modulator for spatial light modulation in holographic
video displays, we present work on fabricating surface acoustic wave (SAW) transducers on a lithium niobate substrate
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Figure 1. Our ultimate goal is to produce a flat panel holographic display composed of directly written waveguides, volume gratings
and metal transducers on or in an anisotropic substrate such as lithium niobate.

via femtosecond direct laser writing. Femtosecond fabrication techniques are particularly appealing for our applications in
integrated optic spatial light modulators as they enable embedded inclusion of all three necessary device components in the
lithium niobate as shown in Fig. 1: anisotropic waveguides, SAW transducers, and grating in-coupling and out-coupling
components using ablation, direct write of metal features, and densification by capitalizing on the combined surface and
volume modifications, as femtosecond methods are effective on both levels.

We propose a near-to-eye display that relies on resonant guided wave acousto-optic modulation, in which phase-matching
occurs between the gradient vector generated by the SAW, the wave vector of the guided mode light, and the wave vector of
the leaky mode light.4 The SAW transducer is placed above the waveguide (at the surface) to convert guided-mode light into
leaky mode light. Incident light interacts with the in-coupling grating, is coupled into a waveguide mode, and propagates
down the waveguide. The guided-mode light encounters the surface acoustic wave, which rotates the polarization of the
wave, causing the light to out-couple from the waveguide. It is then incident upon the reflection Bragg grating, which
directs light onto the viewer’s eye. Fig. 1 represents this process culminating in a single acousto-optic element capable of
modulating light to output some portion of a holographic image.

In this paper we present a comparison of approaches and resulting characterization for two metal systems (silver and
gold) used to fabricate the metal transducer component. Multiple approaches, including a direct-write via a silver-infused
(or metal-infused) gelatin matrix and laser-induced forward transfer (LIFT) were considered and compared. Ultimately,
laser-induced forward transfer (LIFT) was selected as the optimal method for this application. Resulting samples were
characterized for conductivity, structure, and thermal properties as a preliminary study for application in waveguide spatial
light modulators using imaging and electrical probing.

While gold and silver are not the optimal metals for acoustic impedance matching for lithium niobate, the targeted gelatin
matrix approach has been tested with silver and gold mixtures. Thus, these two metals are tested to compare gelatin and
LIFT fabrication methods. Testing with these two metals also enabled a defining process to determine parameter ranges
that enable direct metal writing. These processes are further characterized visually with an SEM analysis. In addition, the
quantity of metal transfer was measured in order to determine the quality of metal transfer for defined intensity ranges that
were selected empirically.

2. METHODOLOGY
For the metal SAW transducer component of our waveguide spatial light modulators, we explored the viability of a gelatin
matrix-based direct write system and laser-induced forward transfer (LIFT). In the following section, these methods are
explained and compared.
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2.1 Gelatin Matrix
Use of a gelatin matrix involves harnessing a mixture that can be written directly with a femtosecond laser to yield high
resolution silver nanostructures.5 The gelatin is doped with silver nitrate and promotes the formation of silver crystals
while also mechanically supporting the resulting structures. Nonlinear absorption effects in the gelatin result in silver
nanostructure formation in the gelatin.5 While features can be written within the gelatin volume, by focusing laser pulses
near the substrate, silver can also be grown along and adhered to the transparent substrate.

Gelatin is an advantageous material to hold the silver precursor as it is inexpensive, easy to use, easily accessible, non-
toxic, and water soluble.5 The electron donor groups in the polymer chain promote high resolution features, which can be
resolved below 100 nm.5 The write process is a single-step procedure that yields robust features which can be patterned
on flexible and transparent substrates, enabling a broad variety of applications. Thus, using a gelatin-silver matrix poses
significant advantages over previous systems which required post-processing for metal incorporation, such as electroplating
or chemical vapor deposition. The process is a mask-less, one-step procedure that can be completed in ambient conditions.

2.2 LIFT
LIFT, or laser-induced forward transfer, was first demonstrated with metals such as copper and silver over substrates such
as silicon and fused silica.6 This technique has since been broadened and applied to a wide variety of deposited materials
and substrates. For our application, the support substrate material is irrelevant as we simply focus on the thin metal film it
supports.

In this process, metal is placed on an optically transparent substrate, which is then placed against the target substrate.7

Specific patterns are written using a high-precision three axis stage to move the substrates. During LIFT, the laser is
used to ablatively transfer material from a thin film on a support substrate to a target substrate by pulsed laser7 through a
photothermal deposition process via vapor-driven propulsion of metal from the film onto the second (target) substrate.7, 8

As the substrate material primarily experiences multi-photon effects (which are minimal here), absorption of laser energy
occurs primarily at the metal-substrate interface since the majority of energy is absorbed by the metal, with laser light
attenuation toward the surface of the metal film.1

LIFT is comprised of three steps. First, in a removal step, the thin film is removed from the support substrate as the laser
beam penetrates the transparent support. The material is then transferred to the second substrate. Finally, the material is
deposited onto this substrate as it hits the surface.9 Relevant literature indicates that the process begins with the propagation
of a melt front as laser pulses heat the metal, ultimately superheating the front surface of the metal and causing the back
surface to eject metal vapor toward the target substrate at a temperature close to the boiling point of the metal.8 Vapor
forces, which are disturbed by the force generated by shear stress, work to push the thin film out, propelling its removal
from the initial support substrate.9 The transferred material then solidifies into the desired pattern.

LIFT is primarily rate limited by the speed of the stages, making this an appealing alternative to multi-step cleanroom
fabrication techniques. The process does not release any toxic gases or other resulting compounds. Smaller laser spot sizes
can result in higher resolution features. As the width of the laser spot size decreases, the effect of vapor pressure is reduced,
and the metal is deposited with less lateral spreading as the explosive action of the vapor is reduced.9 The resolution can
also be improved by reducing the distance between acceptor and support substrate.9

2.3 Comparison
The LIFT technique requires a support wafer for the deposition material in addition to the accepting substrate, while the
gelatin approach allows for structures to be patterned directly onto the final substrate. Where LIFT involved directly
transferring material from the evaporation-deposited metal to the lithium niobate substrate, the gelatin approach involves
growth of metal onto the lithium niobate and removal of the surrounding polymer matrix. Finally, features printed using
gelatin are stretchable, indicating that the gelatin matrix can be used to print flexible electronics.10 The gelatin technique
also enables bulk 3D metal nanofabrication over large areas and volumes, and the stretchability could be channeled towards
tunable optical devices.10
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Figure 2. Schematic of an interdigital surface acoustic wave transducer. A uniform, interdigitated SAW transducer is comprised of a
series of spaced “fingers,” each of which has width Λ/4 and inter-finger spacing Λ/4. The overall period of the transducer Λ and the
number of finger pairs N dictate the transducer center frequency and acoustic bandwidth. The transducer is excited by an RF electrical
source as shown.

2.4 Transducer Design and Test Patterns
The target of metal transfer is to produce directly written transducers. These interdigital transducers are utilized to excite
propagating surface acoustic waves in piezoelectric materials and are commonly employed for guided-wave acousto-optic
devices.11 Fig. 2 depicts a schematic for an interdigital surface acoustic wave transducer excited by an RF electrical source.
A series of interdigitated “fingers” are evenly spaced for a desired transducer period Λ and a total number of fingers N .
In combination, these parameters influence the acoustic response of the transducer, chiefly dictating its acoustic center
frequency and bandwidth as:

fc = va/Λ (1)

where fc is the acoustic center frequency of the transducer, va is the acoustic wave speed of the piezoelectric substrate,
and Λ is the transducer period. The effective range of RF excitation frequencies over which the transducer produces an
acoustic response is approximately given by:

∆f ≈ fc/N (2)

where ∆f is the RF and acoustic bandwidth and N is the number of finger pairs in the transducer.11 As an example, a
sample design for a transducer is considered in this paper with Λ = 40 µm andN = 10. For x-cut, y-propagating LiNbO3,
the acoustic velocity va = 3909 m/s.4 The designed transducer then has fc = 97.7 MHz and ∆f = 9.8 MHz around the
center frequency.

While the end goal of the write process was to produce interdigital transducers, an H shape was determined as an optimal
test pattern for examining conductivity using either two-point or four-point probe systems as the geometry allows for
multiple contact points. Furthermore, the H allows for comparative conductivity measurements between the lateral and
vertical directions. Thus, initial tests were conducted by writing an H shape rather than the final transducer form towards
the aim of understanding the metal transfer process and determining the optimal settings.
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3. EXPERIMENTAL PROCEDURES AND RESULTS
3.1 Gelatin
The matrix was prepared by dissolving gelatin powder in 50-55◦C water and mixing in silver nitrate. The resulting solution
was drop-cast onto the substrate, and samples were air-dried overnight. This resulted in a 200 micron (µm) thick film of
gelatin doped with silver ions.3 Patterns were written using a Toptica laser system at 780 nanometer (nm) at 80 megahertz
(MHz), using a 10x 0.25 objective piece. Preliminary experiments demonstrated that metal structures written using the
gelatin were not strongly attached to the substrate, so silanization was attempted as a surface treatment to improve adhesion.
Samples were placed in a vacuum chamber for silanization. Three to five drops of HMDS were placed in a small vial with
the cap removed, and the system was left under vacuum for three hours. The gelatin mixture was then drop-cast onto this
surface via the same process described above. Post-writing, the substrate was placed in hot water to dissolve the gelatin,
leaving behind the affixed metal features.

Figure 3. Optical photograph of the gelatin layer on
lithium niobtae. Silver structures can be seen in the

gelatin.

Figure 4. Optical photograph of the gelatin layer. Silver structures
can be seen in the gelatin, but warping of the H shapes is evident

after removal of the gelatin.

Figure 5. Gelatin experiments where
metal was written at various depths to

determine the limits to prevent substrate
damage.

Figure 6. Excess energy resulted in
avalanche effects caused by explosive

action of vapor, as is visible in the large
craters in the gelatin-metal matrix.

Figure 7. Optical image of the results of a
slope or tilt during the write process.

There are slope effects evident towards the
right edge of the film.

Multiple experiments were run by writing metal features within the gelatin at different depths and comparing energy
requirements, as shown in Fig. 5. Ultimately, some of these experiments resulted in avalanche effects due to the explosive
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action, as shown in Fig. 6. Gelatin experiments were initially used to explore different patterning write methods (i.e.
crosshatched vs. vertical lines), as will be discussed further in section 3.2 and 3.3. In cases where the incorrect slope was
used during the write process, obvious defects are visible, as shown below. Thus, experiments with the metal-doped gelatin
provided valuable insight into effective metal write parameters.

Ultimately, despite the proposed ease of fabrication using this gelatin method, the structures written using silver on lithium
niobate were removed as the gelatin was dissolved. Though the features were initially presented on the gelatin-substrate
interface, they did not remain attached without the gelatin. When the gelatin was removed the metal either peeled off or was
warped. In order to eliminate the possibility that we were not writing directly on the metal surface, we wrote in the gelatin
material in a z depth. It was also observed that producing H shapes in z-depths did not improve the results. This indicates
that the adhesion issue is not solved through silanization, rendering this method ineffective for the given application.

3.2 Transducer Write Process
The direct laser metal writing process relied on a combination of instruments to achieve the necessary precision relying
on repetition rate of the laser, intensity of the light, and exposure time of the sample. A Pharos DPSS femtosecond
laser was used as the light source and an Aerotech nano-positioning stage was used for location control and precision
micromachining. The Pharos system integrates control of intensity, repetition rate, and wavelength through a simple
interface using an integrated Pockels cell, simplifying the process of optimizing experiment settings, while Aerotech stage
integrates control of the position and exposure of the sample with x, y, and z direction control. The stage has a resolution
of 1 nm and moves as quickly as 100 mm/s, with repeatability up to 75 nm and accuracy of 250 nm. The addition of a
polarizer and half wave plate provided further control of polarization and intensity. In tandem, this set up can achieve a
controllable output, resulting in single shot exposure with pulse durations below 290 nm and repetition rates between a few
kHz to many MHz. The speed of the stage can be altered to control the exposure time for the sample. The power can thus
be reduced to exposures of nanojoules (nJ) per pulse.

Based on the system requirements for our near-to-eye display system, tests for transducer component materials were
conducted using silver and gold on lithium niobate. Lithium niobate was used as the acousto-optic modulator target due
to its piezoelectric properties. Silver and gold were selected for comparison to deposition via the gelatin matrix, which
had already been proven to work with these materials. The metal was deposited in 500 nm films onto an initial quartz
support wafer using electron beam evaporation. Quartz was selected as an ideal support material as it is inexpensive and
experiences four photon absorption at the working wavelength, so the metal was able to absorb most of the energy. In
preparation, the lithium niobate was cut into 1 inch by 1 inch squares using a diesaw, and solvent cleaned post-cutting.

Figure 8. Dimensions of H bridge pattern used for silver and gold write processes.

For the LIFT process, the substrates were setup so that the support substrate with the metal film was in contact with the
lithium niobate target substrate. The femtosecond laser was operated at 515 nm (the second harmonic of the 1030 nm
fundamental wavelength), with a 10 µm spot size. The objective that was selected was the 10x.25 objective piece that was
applied in the gelatin metal writing formation in order to keep the system parameters constant. The laser pulse energy
at the sample was tuned in the .10-.35 µJ range to test a broad set of parameters, and the thickness of the test H bridge
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patterns was altered systematically between 150-300 µm. Writes were conducted at a repetition rate of 50 kHz, with a
pulse duration of 232 fs.

For the silver and gold features, the H bridges written were 1200 µm in length, with the width (“w” ) altered systematically
for conductivity testing, and dimensions written as indicated in Fig. 8. The H patterns were produced by systematically
altering the width of the bridge, and the power under which the samples were written. For silver, three regions were
produced using .11 µJ, .22 µJ, .32 µJ with widths (“w”) of 150 µm, 200 µm, and 300 µm for each power. A total of 33
silver Hs were written and imaged using an SEM. Gold features were written in a similar manner, with powers of .08 µJ,
.11 µJ, .22 µJ, and .32 µJ. A total of 60 Hs were produced using gold.

Figure 9. Map of doses and widths used to pattern silver H shapes

3.3 Methodology: Determining Parameter Ranges

Figure 10. Example pattern tested to determine optimal write
method and direction for the H samples. Figure 11. Silver H written using the grid to the left
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To determine the optimal write settings, matching parameter sweeps were conducted using the gelatin and LIFT methods.
These experiments were also used to establish effective write directions and patterns. In particular, vertical line patterns
were compared and contrasted to cross-hatched patterns. The cross-hatched patterns resulted more frequently in avalanche
effects, so vertical lines were ultimately used to write and transfer the metal H designs. Fig. 10 and Fig. 11 show the initial
crosshatching test and resulting metal transferred H. The application of cross-hatching was used to ensure continuity of
the contact pad as to not diminish the conductivity. Vertical write patterns were used for the H test patterns to allow for
conductivity testing and comparison in both the lateral and vertical dimensions relative to write orientation.

To effectively write metal patterns for use in transducers, the laser power, stage speed, objective, and duty cycle needed to
be tested and optimized. The half wave plate angle was also adjusted to further reduce the intensity output. The range of
viable parameters was established by writing waveguides using metal at a variety of powers, speeds, and duty cycles.

Figure 12. Example of decreasing energy and how it affects the
surface transfer.

Figure 13. Example of over-exposed sample under high intensity
transfer.

The waveguide writes revealed the limits for metal transfer between levels that resulted in overexposed features and those
that resulted in barely visible patterns. Additional experiments were conducted by writing features within the volume of
the quartz and lithium niobate structures to understand the write process and effectively determine the interface.

In writing the metal surface lines, it was evident that the spot size became larger as the stage moved to the right during
the transfer process as the intensity per area increased with decreased stage speed, increasing the damaged area on the
substrate. Features written at a slower speed, such as 2000 µm/s, demonstrated more damage than those written at a higher
speed of 10000µm/s. These ranges were determined empirically. Fig. 12 and Fig. 13 show the waveguide writes used to
determine effective transfer parameters. Fig. 12 and Fig. 13 are examples of conditions under which the speed of the stage
was too slow, causing over-exposure of the surface.

3.4 Silver
The patterns produced using silver were characterized using a combination of Scanning Electron Microscope (SEM) imag-
ing, profilometry, and probe testing. After the write process, two-point probe testing, and four-point probe was attempted
to understand the conductivity of the deposited material. Testing failed as the deposited material de-laminated from the
substrate easily, making measurements impossible.

To improve contact and adhesion between the substrate and deposited metal, anneal processes were attempted. For the
initial H patterns, the sample was heated in an anneal furnace under nitrogen gas. The oven was cooled to 100◦C before
the sample was entered, and the oven was then ramped to 350◦C. The oven was cooled to 70◦C before the sample was
removed in an attempt to prevent oxidation. For the silver transducer patterns, annealing was conducted under forming
gas consisting of 5% hydrogen and 95% nitrogen to further displace any oxygen. The oven was ramped and cooled more
slowly, and the samples were not removed until the oven reached 60◦C.

3.4.1 SEM Analysis

Once the samples were written, SEM imaging was used to examine the structure of the patterns. Higher dose areas exhibited
significant lateral spreading of silver, while lower doses had more resolved and discrete edges.
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Figure 14. Image of silver features written using this
method. The variation in pattern quality based on

dose and other write parameters is visible.

Figure 15. Image of the silver-coated quartz wafer
after the write process. H-shaped holes are clearly

visible.

Figure 16. Example H written at .32 µJ Figure 17. Zoomed example H written at .32 µJ

Figure 18. Example H written at .22 µJ Figure 19. Zoomed example H written at .22 µJ

In Fig. 16 a halo effect surrounds the primary H pattern, demonstrating the described lateral spreading of silver. Fig. 17
shows the clustered, discontinuous nature of deposited silver. It is difficult to distinguish the edges of the patterned area
under this dose, and the silver deposited appears very discrete and coarse-grained.
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Figure 20. Example H written at .22 µJ

Patterns written using .22 µJ demonstrated significantly less of a halo effect and less lateral spreading, as seen in Fig. 18.
In Fig. 19, the silver that has spread beyond the primary written pattern has a finer texture than that deposited using a
higher dose. Fig. 20 shows a more detailed image of the structure of the H pattern. It appears more continuous than that of
the .32 µJ features.

Figure 21. SEM image of H written at .11 µJ Figure 22. SEM image of H written at .11 µJ

Figure 23. Example H written at .11 µJ. The silver appears more
continuous when written at this dose.

Figure 24. A clear difference in texture is visible between the H
pattern (on the left) and the surrounding area on the right, The

silver that spread laterally appears to be much less dense.

Finally, Hs written using .11 µJ exhibited almost no lateral spreading and had sharply defined edges. There is no visible
halo effect. Looking at the structure of the surface, it appears that silver that did spread laterally is much less densely
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collected and has a very different appearance than the silver in H, in contrast to features written at higher doses where the
silver in the H was indistinguishable from silver in the surrounding area, as with Fig. 17. While the surface shown in Fig.
23 does not appear smooth, it does appear to be more continuous than the Hs written at higher doses.

Based on visual inspection of these images, lower doses led to sharper, clearer H bridges. The Hs written using .32 µJ had
trail off regions around the pattern where silver had been sprayed and created a broad silver gradient, while this was less
prevalent with the lower doses.

After annealing, the samples were examined under an SEM for comparison, though oxidization likely occurred during the
bake process. Resulting samples visually appeared burnt and discolored, and the Hs disintegrated easily, as is visible in
some SEM images below. Charging effects were also more prevalent during imaging of the annealed samples.

Figure 25. Post-annealed image of H written at .32 µJ Figure 26. Post-annealed image of H written at .32 µJ

Figure 27. Post-annealed image of H written at .32 µJ Figure 28. Post-annealed image of H written at .32 µJ

Annealed Hs written at .32 µJ appeared bumpier than the initial samples, and became easily scratched and damaged as
shown in Fig. 25 and Fig. 27. Fig. 28 shows the rough edges of the H after annealing.

Annealed Hs written at .22 µJ appeared much less coarse and rough than those written at the higher dose, but still exhibited
scratches. They were easily damaged after the bake and did not maintain structural integrity.
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Figure 29. SEM image of .22 µJ Ag H bridge after sintering.

Charging effects are clearly visible.
Figure 30. Post-annealed image of H written at .22 µJ. Scratches
are evident, indicating the ease with which the metal is damaged.

Figure 31. Optical micrograph of Ag H bridge after sintering. The H appears discolored and significantly more brown than directly
after the write.
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3.4.2 Profilometry

A DekTak Profilometer was used to measure the heights of the deposited silver H patterns. The profilometer used a diamond
stylus with a radius of 12.5 µm and a vertical resolution of 5 Å.

Depth measurements were collected for each of the dose and width parameters. Profilometer scans were performed hori-
zontally across the H bridge pattern to compensate for the vertical write direction. The width differences should not have
impacted height profiles as measurements were made along the regions of the H shape that were consistently sized across
samples. After the profiles of each dose area were measured, the depth values were averaged. For the .32 µJ dose, the
average depth was 183.1nm, for .22 µJ the average depth was 179.4 nm, and for .11 µJ the average depth was 170.3 nm.
When we compare the thickness transfer from the 500 nm evaporated film on the initial support substrate to our lithium
niobate substrate, we see that there is a slight increase in percentage thickness as the laser power of the write is increased.
This indicates that higher powers resulted in a greater silver deposition amount within the ranges and limits tested here and
established through the experimentation described in Section 2.5. Given that the initial depth of the evaporated metal was
500 nm, the depths of the H patterns is of the correct order of magnitude. During the probing process, the majority of the
features patterned using the highest (.32 µJ) dose obtained visible scratches, while the Hs patterned with lower doses (.22
µJ and .11 µJ) were not visibly altered. In combination with the SEM images, which generally demonstrated that the silver
tended to disperse over a larger area when exposed to higher laser power, the height information collected via profilometry
further suggests that higher dosage led to softer, deeper features, while lower dosages led to harder, but shallower features.

Table 1. Silver Transfer per Dose

Dose (µJ)
Silver
Thickness (nm)

Silver Thickness
Transfer (%)

0.11 170.3 34.06
0.22 179.4 35.88
0.32 183.1 36.62

To further understand the deposition process, profilometry could be used to measure the initial quartz (support) substrate
to probe the H-shaped holes for remaining silver. These two metrics could be combined to provide a deeper understanding
of the direct laser writing process.

3.4.3 Conductivity

Post anneal, two-point probe testing was resumed. Silver H samples demonstrated infinite resistance, indicating that the
heating process had indeed oxidized the sample. In addition four point probes and a potentiostat were used to further test
the resistance of the sample, but the silver was abraded by these process and permanent damage occurred. A new method
is required to improve the process of transferring silver to the surface and ensuring that it remains on the surface. The LIFT
approach shows promise relative to the gelatin approach for conductivity as the metal remained in its written shape three
months post writing.

3.5 Gold
As the motivation was to compare the gold writing approach with the silver a parallel process, gold samples were produced
and characterized in the same manner. Gold H patterns were written using .08 µJ, .11 µJ, .22 µJ, .32 µJ, and the H patterns
had widths of 300 µm, 200 µm, or 150 µm for each. These parameters for gold matched the parameters applied in creating
the H patterns for silver. An additional gold setting of .08 µJ was added to determine if gold offered a wider writing
range. During the write process, gold seemed to allow for tighter features. While .08 µJ was not enough energy to write
effectively, at higher energies the patterns bled into each other and began to look like the silver features. Gold was more
readily removed and transferred than silver, and is less prone to oxidation that silver, making it an appealing option for this
application.

The gold samples were then annealed. A box furnace was used to ramp up for 30 minutes to reach a temperature of 500◦C,
at which temperature the furnace was held for 30 minutes before a 30 minute cool down period. The heating rate was
selected to prevent cracking of the lithium niobate.
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Figure 32. Map of doses and widths used to pattern gold H shapes

3.5.1 SEM Analysis

SEM imaging was used to characterize the structure of the gold patterns. Images were taken of patterns written using each
dose. Initial analysis of SEM images of the gold Hs at each dose indicate that at lower powers, a more even distribution of
gold occurred. The gold demonstrated significantly less lateral spreading than silver at all doses.

Figure 33. Example H written at .32 µJ Figure 34. Zoomed example H written at .32 µJ

As seen in Fig. 33 and Fig. 34, at .32 µJ, a darker, more continuous deposition layer occurred than with the other doses.
The feature itself is sharp, and does not demonstrate excess metal outside of the desired patterning area.

At .22 µJ, a more discontinuous pattern is visible, with chunks missing, resulting in more depth variability and a less
uniform layer. This is evident in Fig. 35 and Fig. 36.

In the .11 µJ Hs, the deposition appears to be thinner, and less discernible, though it is still evident that the features are
well resolved and do not exhibit lateral spreading, as seen in Fig. 37 and Fig. 38. It became increasingly difficult to image
patterns written at these doses, as charging effects became more and more prevalent.
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Figure 35. Example H written at .22 µJ
Figure 36. Zoomed example H written at .22 µJ

Figure 37. Example H written at .11 µJ Figure 38. Zoomed example H written at .11 µJ

Figure 39. Example H written at .08 µJ.

The Hs written using .08 µJ are barely visible. As shown in Fig. 39, it appears that the H bridge was only partially de-
posited. Visual and SEM examination demonstrated that the .08 µJ writes were unsuccessful and metal was not transferred
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Table 2. Thickness and Transfer Amounts for Each Metal

Dose (µJ)
Silver
Thickness (nm)

Silver Thickness
Transfer (%)

Gold
Thickness (nm)

Gold Thickness
Transfer %

0.11 170.3 34.06 113 22.60
0.22 179.4 35.88 133.3 26.66
0.32 183.1 36.62 185.2 37.04

under these conditions (region D was not evident).

3.5.2 Profilometry

As with the silver patterns, depth measurements were attempted for each of the dose and width parameters. However, many
of the dose settings resulted in incomplete or faint gold patterns, and some of the dosages used were not high enough to
propel the LIFT process. Profilometer scans were performed horizontally across the H bridge. After the profiles of each
dose area were measured, the depth values were averaged. Average depths for the .08 µJ settings were not obtained as
those writes were unsuccessful.

Figure 40. Transfer comparison between silver and gold under different doses

For the .32 µJ dose, the average depth was 185.2 nm, for .22 µJ the average depth was 133.3 nm, and for .11 µJ the average
depth was 113.0 nm. This data suggests that, similarly to the silver, higher powers resulted in a greater gold deposition
amount within the ranges and limits tested here. It is interesting to note that the .32 µJ dose resulted in an almost equivalent
deposition for both the gold and silver writes. In contrast to the silver patterns, the gold did not appear to disperse over
as large of an area at high doses, and it was not scratched during the probe process. Together, the gold and silver results
suggest that increased input energy results in increased deposition. When we compare the rate of change relative to the
transfer of metal we see that they both have a common trend. However, we observe that silver transfer produces a more
stable change in metal relative to energy exposure for the selected intensity range. This suggests that gold transfer is more
sensitive to the intensity of energy exposure and is less preferable for metal transferring with LIFT as compared to the
silver LIFT process on the lithium niobate.
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3.5.3 Conductivity

As with the silver, the H samples and transducers were compared, and testing using two-point probes. It was found that the
surface of gold transfer was softer than the silver transfer surface. The probes scratched off the surface of the transferred
metal. In addition, the four point probes and a potentiostat was used to further test the resistance of the sample, but the
gold was scratched causing permanent damage. A new method is required in order to improve the process of transferring
gold to the surface and ensuring that it remains on the surface. The LIFT approach shows promise relative to the gelatin
approach for conductivity as the metal remained in its written shape three months post writing.

Figure 41. Optical micrograph of a silver transducer deposited via LIFT.

4. FUTURE WORK AND CONCLUSIONS
In this paper, we present preliminary experiments towards fabrication of metal transducers using metal-doped gelatin and
using LIFT. We established effective parameters for transferring metal to test for transducer functionality, tested multi-
ple metal systems, and compared and contrasted two write processes. While we tested these initial parameters, further
experimentation is needed to achieve a fully functional device component. We established that gelatin is not presently a
viable medium for transducer writing, but that LIFT demonstrates potential viability. The combination of characterization
methods used with the two metal systems suggest that for the LIFT set up used, increased input energy results in increased
deposition of the metal features. Silver demonstrated lateral spreading and tended to demonstrate softer features at high
powers, while gold demonstrated tighter, better resolved features.

Based on the conclusions presented here, adhesion posed a significant issue for deposited metal features. Testing different
treatments and substrate preparations to improve adhesion could improve transducer performance, though any treatments
or surface coatings need to be carefully characterized to ensure that they do not impact acoustic performance of the piezo-
electric material. Additionally, the process of annealing the patterned samples after writing could be optimized. Presently,
many of the metal samples experienced extremely poor adhesion post-sinter, and some of the samples were oxidized irre-
versibly. By optimizing the gas environment in the anneal furnace during sample baking, oxidation and sample destruction
could be avoided.

In addition to optimizing processing conditions and substrate preparation, the processes described here could be examined
using alternative metals. Chrome, aluminum, and platinum can easily be evaporated in the same manner as the silver
utilized here, indicating that they are candidate materials for LIFT direct metal writing. Previous work has shown that
adhesion layers have been applied with lithium niobate to improve the metal transfer for electron beam and etching to
produce SAW devices.12 In future experiments, depositing a thin layer of chrome or titanium on the substrate before
conducting the LIFT write process with aluminum, gold, or silver could significantly improve results and conductivity.
Alternatively, chromium and titanium could directly be used with a LIFT process as our conductive material for the SAW. In
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addition, aluminum offers the best impedance matching for lithium niobate. Therefore, future metal transfer will introduce
combinations of writing with aluminum transferred to the surface of the lithium niobate.

Figure 42. The ultimate goal is to produce a flat panel holographic display composed of directly written waveguides, volume gratings
and metal transducers on or in an anisotropic substrate such as lithium niobate. Depicted is a multi-element device.

As mentioned in the introduction, the ultimate goal of this project is a flat panel holographic display. Collectively, we
have demonstrated initial prototypes of all elements of the proposed device (primarily waveguides, surface acoustic wave
transducers, and Bragg gratings) using multiple fabrication approaches. Future work beyond transducer improvement will
involve demonstrating functional holographic displays: first through a single holographic display element, and ultimately
using a multi-element, multi-waveguide scale-up, as shown in Fig. 42. This is targeted towards the development of a stable
process that will enable the output of several acousto-optic modules on the same waveguide to produce a series of hogels
or holographic pixels. Ultimately, all aspects of this device should be “printable” using femtosecond direct laser writing,
in contrast to the multi-step, multi-equipment processes used presently.

While this work was intended towards the development of functional SAW transducers, it ultimately has implications for
broader understanding of tunable electromechanical coupling achievable through femtosecond processing and 2D and 3D
materials fabrication and design through rapid fabrication for a variety of applications on multiple scales.
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