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Fabricating polymer structures for use at cryogenic temperatures is a non-trivial task due to coefficient
of thermal expansion mismatches and stresses that are induced because of this mismatch. This work
demonstrates a viable process to additively fabricate polymer microstructures using two-photon
polymerization (TPP) on silicon substrates with tetraethylorthosilicate oxide for use at cryogenic
temperatures. The process of creating the polymerized structures using resins SR368 and SR499, as
well as its application onto the target substrate is detailed. The importance of pre-fabrication adhesion
layer processing is discussed and post-polymerization procedures are described. Cryogenic thermal
cycling was performed by direct submersion into liquid nitrogen to assess worst-case degradation

due to thermal shock and exhibited encouraging shear load failure performance after thermal cycling.
The reliability of the test structures demonstrated in this work shows promise for implementing more
complex structures using TPP for use at cryogenic temperatures.

Additive manufacturing is an ever-expanding field within
materials research. From simple prototyping to production,
additive manufacturing has become a cost-effective and wide-
spread method of developing products. From laser direct writ-
ing approaches to aerosol material jetting techniques, work
is continuing to increase material compatibility, as well as
increasing printed resolution and uniformity. Challenges with
additive manufacturing are the overall resolution, accuracy,
and repeatability of the processes since many processes are
highly dependent on environmental factors [1, 2]. Addition-
ally for additive manufacturing to be particularly useful for
micro/nano-scale applications, material compatibility and
resolution are of utmost importance. Two-photon polymeri-
zation (TPP, otherwise known as multi-photon polymeriza-
tion) is a potential solution to these challenges. TPP differs
from standard selective light processes in that polymerization

occurs within a smaller volume in the interior of the focal
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volume, also known as a voxel [3]. In selective light manufac-
turing, control of the power directly influences manufacturing
such that, above a polymerization threshold, polymerization
occurs. The mechanics behind TPP are fundamentally identi-
cal, however an additional mechanism is leveraged to reduce
the polymerization volume, reduce necessary power to achieve
polymerization, and increase resolution by reducing the size of
the voxel. If an ultra-short pulse and high repetition rate laser
is used to irradiate a photo-definable sample (i.e., materials
that chemically react and cross-link with a photoinitiator),
energy of photons combine to elevate the effective energy in
a particular location (usually within the focal volume as previ-
ously described) since the energy decay rate is lower than the
introduction rate of a second photon. This mechanism has
been commonly referred to as two-photon absorption [4]. The
rate of combination is significantly higher nearer the center
of a Gaussian laser due to the photon density (or photon flux)
distribution of the beam. The significance of polymerization

that is facilitated by two-photon absorption is that it can allow
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for feature sizes below the diffraction limit [5], a unique trait
belonging to this additive manufacturing method.

Example applications that use TPP for additive manu-
facturing are mechanical structures such as cantilevers [6]
and photonic connectors [7]. For each of these applications,
common parameters that affect the fabrication quality are
wavelength (photon energy), pulse duration, scanning speed,
numerical aperture, and resin composition (viscosity and
photo-polymerization sensitivity) [8]. Depending on degree
of polymerization and material composition, it was found that
optical and structural properties can be altered for a tuned
performance [9].

Though TPP is an intriguing option for fabricating struc-
tures with micro- and nano-scale feature sizes, many challenges
are present with the technique and many factors affect the out-
come and flexibility of the process. TPP by nature is a serial pro-
cess much like many other selective light processes. Scaling this
technology for mass production is challenging and costly since
the most available solution is to implement a parallel approach
by splitting a high power laser and using multiple optical fab-
rication setups. In addition, material compatibility is not well
explored for TPP largely due to the required specialized equip-
ment being a significant barrier to entry to begin experimen-
tation and due to the numerous material combinations avail-
able [10, 11]. Commercial systems are available with formulated
resin mixtures to alleviate challenges of custom chemistry to
achieve a more turnkey end-user tool [12], however the range
of resin options for these systems is lacking for more specific
applications. Additionally, TPP-fabricated structures have been
commonly used for room temperature applications but with
the increasing interest in cryogenic and quantum applications,
material and process verification is desirable to identify TPP
as a viable process for low temperature usage. Integration with
existing micro and nano fabrication materials and processes is
paramount for expanding and integrating the usage of TPP with
present cryogenic electronic and photonic technologies.

This work seeks to demonstrate that TPP is a viable option
for microfabricated structures for use at cryogenic temperatures
(e.g., as low as 77 K) by evaluating the structural stability of
the fabricated structures and adhesion to SiOx before and after
wide-temperature range, cryogenic thermal cycling. The larg-
est concern of microstructures at cryogenic temperatures are
stresses that are induced during large temperature changes from
coeflicient of thermal expansion mismatches. One common fail-
ure mode due to these stresses is delamination of the polymer
structures from substrates [13]. This work describes fabrication
processes and testing methodologies that target the structural
integrity and adhesion failure mode of TPP-fabricated micro-
structures before and after cryogenic thermal cycling using a
previously published resin formulation [14]. Evaluation of the

fabrication processes used is detailed in the next section. The
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fabrication processes used to realize TPP microstructures are
described in detail in the “Materials and Methods” section.

This section begins with an evaluation of the fabricated struc-
tures after which further mechanical characterizations are
detailed. Characterizations of TPP-fabricated microstructures
were carried out to evaluate structural print quality as well
as mechanical performance pre- and post-cryogenic thermal
cycling.

Test structures

Structures fabricated in this work varied by sample prepara-
tion procedure and laser exposure dose. Test structures gener-
ally consisted of SR368 and SR499 acrylic monomers. A first
solution that this work sought to find was an adhesion process
to SiOx. From initial experiments without the use of a proper
adhesion promotion procedure, TPP structure adhesion to SiOx
was observed to be insufficient and yielded structures unable to
quantifiably evaluate, as shown in Fig. 1, where excess resin rins-
ing after structure fabrication caused delamination of structures
directly rinsed and the presumed beginning of delamination
in the corners of structures indirectly rinsed. After a sufficient
adhesion promotion process was developed (the use of meth-
acryloxypropytrimethoxysilane, MPTS, in a silanization proce-
dure, further detailed in “Materials and Methods” section), scan-
ning electron microscopy (SEM) of a representative 400 x 400
um TPP microstructure (sputtered with Au for visualization aid
after excess resin was removed by solvent spray rinsing) was
captured and is shown in Fig. 2. Though structures fabricated
appear largely uniform, rounding of a singular side of struc-
tures was observed and is presumed due to resin movement and

pileup during laser exposure process. Additionally, including

Rinsed indirectly

- ———

Rinsed directly

Figure 1: SEM image of TPP-fabricated microstructures (400 X 400 um,
72x magnification) without an adhesion promotion layer. Delamination
at SiOx interface occurred immediately during excess resin rinsing step.
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Figure2: (a) SEM image of a representative TPP-fabricated test structures (400 x 400 um, 154x magnification) and (b) zoom image (468x magnification)
of a singular side wall capture that was observed to be rounded due to resin shift during TPP writing.

the adhesion procedure was observed to have minimal impact
on the excess resin solvent rinsing in that the Si surface was

observed to be clean after the rinsing procedure.

Materials properties

Atomic force microscopy (AFM) was used to capture surface
roughness and force-distance measurements of representative
microstructures. Results are shown in Fig. 3 demonstrating
sufficient surface flatness of + 400 nm that can be improved
by using a higher numerical aperture objective to increase TPP
print resolution as well as by improving the design fill param-
eters. Based on the surface roughness measurements, locations
for force-distance measurements were selected based on peaks
and valleys in the TPP-fabricated surface to evaluate the elastic
modulus (E), results demonstrated in Table 1. Based on previous
work from [9], variation in elastic modulus observed in col-
lected measurements indicate nonuniformity in the degree of
polymerization across sections of the fabricated structure. This
further supports an observed trend where the valleys yielded
lower elastic modulus and the peaks yielded higher elastic
modulus, assuming that the surface height variation is caused
by polymerization variation. Even when considering the mini-
mum structure height fabricated in this work was greater than
5 um, a worst case + 8% surface variation relative to structure
height is sufficient to evaluate the failure mode for cryogenic
temperatures. Furthermore, with this level of polymerization
and property variation, these structures survived and retained
mechanical stability through cryogenic exposure, as discussed

in the next section.

Failure mode evaluation

A single fabricated layer was desirable for adhesion evaluation

by way of shear testing to eliminate additional failure modes
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such as printed layer delamination. The failure mode was first
identified by shear testing structures with varying heights.
Heights of the fabricated structures were controlled by adjust-
ing the sample’s (z-axis) position within the focal volume of the
laser. The adhesion failure mode was verified experimentally by
comparing shear load failure forces across multiple test structure
heights before and after cryogenic thermal cycling for two cases
of average laser source power (1 mW and 0.5 mW). Since the
cross section of the adhesion interface (x,y) when evaluating
adhesion in the presence of a shear stress is independent to the
height of the structure [15], minimal correlation was expected
if test structure to substrate interface adhesion is the primary
failure mode. A diagram of the load shear testing relative to a
microfabricated TPP test structure is demonstrated in Fig. 4.
As shown in Fig. 5, no significant trends were identified when
comparing the load shear failure force versus structure height,
especially for the 0.5 mW case. Data were analyzed by extracting
Kendall correlations for each set of data with coefficients being
0.74, — 0.30, 0.43, and 0.33 for each of the parameter sets (1 mW
at room temperature, ] mW after thermal cycling, 0.5 mW at
room temperature, and 0.5 mW after thermal cycling), respec-
tively. Kendall correlation method was selected over Pearson
correlation method due to failed method criteria (regular
interval) that would qualify the data for the Pearson correlation
method. Additionally, Kendall correlations are a more robust
metric for limited sample sizes. Since extracted coefficients were
relatively low (except for the 1 mW at room temperature case)
and varied when compared to themselves, the analysis lends
to adhesion being the most probable primary failure mode. To
confirm that the lower structure height failures were not due to
the physical dimensions, an analysis of each fabricated chip was
conducted. Fig. 6 shows the failure analysis organized by fabri-
cated chips suggesting that fabrication variation was the cause

of early failure in select structures, as apparent by the collection
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Figure 3: (a) AFM surface roughness measurement demonstrating + 400 nm surface roughness. (b) Locations probed (denoted by red text and green
dots) with AFM force-distance measurements to extract the local elastic modulus. Locations were selected based on extremes in surface roughness.

TABLE 1: Table of elastic modulus values extracted from locations defined
in Fig. 3.

Location E (GPa) Location E (GPa)
1 2.84 6 0.61
2 1.81 7 4.44
3 7.11 8 3.14
4 2.57 9 5.80
5 2.40 10 6.09

of low shear load failures on particular chips. From the data
collected, minimal thermal cycling degradation was observed
and was determined to be most affected by fabrication variation

rather than heights of structures.

Failure analysis

Experiments performed validated the failure mode to be the

adhesion interface of the TPP microstructure to SiOx when

© The Author(s), under exclusive licence to The Materials Research Society 2022

Microstructure

Si Chip

Figure 4: Schematic representation of the shear testing process, not
to scale. The TPP microstructure is visualized in yellow, the Si chip is
visualized in black, and the shear testing tool is visualized in grey.

using MPTS as the adhesion layer for structure heights less
than 120 pm. With this information collected, the average load
to failure shear stress for each of the four cases (0.5 mW aver-
age source power without cryogenic thermal cycling, 0.5 mW

average source power after cryogenic thermal cycling, 1.0 mW

www.mrs.org/jmr

Issue 12 June 2022

Volume 37

Journal of Materials Research

1981



Journal of
MATERIALS RESEARCH

N

m

400 T T T T T

(a) (b)
350 + T

300 + o 1 |

2501 +

<

2004 v v + .

150+ +

Shear Load Failure (g)

100 + . + i
® Room Temperature
v After TC

) . I 1 |
0 25 0 25 50 75

Height (um)

|
100 125

Figure 5: Shear load failure force versus structure height of test structures
fabricated using (a) 1.0 mW and (b) 0.5 mW average laser source power
tested before thermal cycling (room temperature) and after thermal
cycling (TC). Data were analyzed by extracting Kendall correlations for
each set of data with coefficients being 0.74, — 0.30, 0.43, and 0.33 for
each of the parameter sets (1 mW at room temperature, 1 mW after
thermal cycling, 0.5 mW at room temperature, and 0.5 mW after thermal
cycling), respectively.
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Figure 6: Figures evaluating (a) shear load failure force versus fabricated
chips of structures fabricated with 1.0 mW average power before
thermal cycling (room temperature, RT) and after thermal cycling

(TC), (b) shear load failure force versus fabricated chips of structures
fabricated with 0.5 mW average power before thermal cycling (room
temperature, RT) and after thermal cycling (TC), and (c) condensing
results into four major criteria.

average source power without cryogenic thermal cycling, and
1.0 mW average source power after cryogenic thermal cycling)
was calculated by:

mg

S=-—"" 1)

where S is the shear strength in Pa, m is the force measured in
kg, g is acceleration (assumed 10 m/s?), A is the in-plane sur-
face area in m2. Results were found to be 13.3 MPa, 11.4 MPa,
11.1 MPa, and 13.4 MPa, respectively. Significant fabrication

©The Author(s), under exclusive licence to The Materials Research Society 2022

variation was observed to be the primary factor in determining
the failure magnitude which strongly influences performed cal-
culations. Yield of characterized structures was calculated and
is presented in Fig. 7. For determining the yield of fabricated
structures, a shear force of 150 g was selected as the minimum
threshold from previous experiences using acrylic polymers
at cryogenic temperatures [16]. Using this criteria, premature
failure was observed with 6 of 17 measured structures failing at
room temperature without any cryogenic temperature exposure.
Additionally, promise in cryogenic viability was demonstrated
by only 2 of 13 being observed as defective after cryogenic ther-
mal cycling. Though yield should see improvement before scal-
ing is viable, a greater than 70% total yield was encouraging in
the context of this work where further process improvements are
expected to improve the overall yield. Even through existing fab-
rication variation, the fabrication processes developed appear to
be viable mechancially for cryogenic applications and the testing
methodology used was observed to be sufficient for evaluating
the mechanical reliability of the structures, including the adhe-
sion to SiOx after a developed silanization process was imple-
mented. Results presented give reason to continue TPP fabri-
cation exploration and refinement for cryogenic applications.

This work meets the challenge of using additive manufactur-
ing for cryogenic applications with a viable fabrication process
and testing methodology. Initial efforts presented in this work
described and solved issues of TPP structure adhesion to SiOx
with a commercially available adhesion promoter, commonly
used with acrylic polymers such as SU-8. Structural analysis
was performed on TPP-fabricated microstructures (using a

previously published resin formulation) with scanning electron

6.7%

20%

Bl Pass
B Fail At RT
Il Fail After TC

73.3%

Figure7: Yield analysis for all N = 30 microstructures fabricated and shear
tested at room temperature (RT) and after cryogenic thermal cycling
(TC). Of the microstructures tested at room temperature (N = 17), 6 were
observed as defective. Of the microstructures tested after cryogenic
thermal cycling (N = 13), 2 were observed as defective.
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microscopy and optical profilometry. Atomic force microscopy
was performed to measure surface roughness and extract elastic
modulus from force-distance measurements. Shear tests were
performed to identify structural failure modes. A comparison
of shear load failure versus height suggested negligible height
dependence. Outlier data points from the structure height analy-
sis led to an investigation of fabrication variation (shear load
failure versus individual fabricated chips) to identify the source
of low shear force failures. Fabrication variation was assumed
to be the primary factor of early failure modes. A yield analysis
was conducted which demonstrated greater than 70% functional
yield achieved across 30 fabricated structures. Structures evalu-
ated in this work give confidence to viability at even lower tem-
peratures since the lowest thermal cycling temperature (77 K)
encompassed 74% of the total temperature change (from 300 to
0 K) in which majority of the thermally induced stresses occur.
Further refinement of the process can be achieved by increasing
the resolution of the TPP print as well as evaluating more com-
plex structures. Additional exploration of various resin materials
is of great interest to expand the flexibility of TPP as a technique
for cryogenic applications. Processes developed hope to pave
the way for additional cryogenic exploration for TPP-fabricated
micro/nano structures to further bridge the gap of cryogenic

electronics and optical electronics.

Evaluated microstructures were fabricated by rotational mix-
ing of Sartomer ethoxylated 6 trimethylolpropane triacrylate
(SR499), Sartomer tris (2-hydroxyethyl) isocyanurate triacrylate
(SR368), and Sigma-Aldrich 2-benzyl-2-(dimethylamino)-
4-morpholinobutyrophenone (DBMP) (48.5%, 48.5%, 3.0% by
percent mass, respectively). Material combination was selected
to prioritize structural stability and minimization of post expo-
sure shrinkage. To facilitate mixing, Sartomer SR368 was heated
on a hot plate to 80 °C for 15 min. Once sufficiently heated and
melted to a less viscous consistency, SR499 was added by pipette.
Mass of each component was directly measured with a micro-
balance. Mixing of SR368 and SR499 was performed for 20 min,
after which DBMP was added to the mixture. Once all compo-
nents were combined, additional room temperature mixing was
performed for 30 min. The resin was then placed in a vial rotator
inside a VWR gravity oven set to 40 °C for 12 h to ensure uni-
form mixing. Without heating the mixture during the long term
mixing process, the viscosity of the resin would become too high
for sufficient DBMP mixing. A sample of the resin was taken
and the representative viscosity of the TPP resin was measured
in ambient room temperature with a NDJ-5S viscometer with

a #2 rotor standard. Measurements averaged 738 mPa-s across

©The Author(s), under exclusive licence to The Materials Research Society 2022

multiple rotor rotation speeds (6 rpm, 12 rpm, and 30 rpm) at
room temperature.

All fabrication was carried out within a yellow room and
HEPA-filter environment. TPP was performed using a Spectra-
Physics® High-Q2™ fs laser system in conjunction with a New-
port Laser pfab™ system. Control of the TPP patterning was
facilitated by an x, y, z translation stage, a stationary microscope
objective (Olympus PLN20X NA: 0.4, 20x lens), and an elec-
tronic shutter. The output of the laser was directed into a neutral
density filter followed by the described Newport Laser pfab™
system. The laser power and profile were both captured with a
Newport Power Meter Model 843-R with a 919P-030-18 sensor
and an Ophir NanoScan 2s beam profiler. The laser environment
is shown in Fig. 8.

Si wafers were diced into 20 x 20 mm chips using a dic-
ing saw with a diamond blade. Laser engraving was performed
in the center of the Si chips to create alignment marks with a
subsequent solvent rinse performed (acetone, methanol, iso-
propyl alcohol, and DI water) to remove residue prior to TPP
fabrication processes. Diced Si samples with etched alignment

marks (purchased with 530 nm low-pressure chemical vapor

Lens
i’ Translation
Stage

Ve

Figure 8: Images detailing the (a) fabrication environment and (b) the
beam profile of the laser prior to the objective lens, demonstrating a
sufficiently aligned Gaussian beam.
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deposition (LPCVD) tetraethylorthosilicate (TEOS) oxide)
were prepared with a silanization procedure to improve adhe-
sion of the polymerized acrylic resin to the SiOx. Si samples
were dehydration baked at 120 °C for 30 min and were subse-
quently placed in a covered Petri dish with 2 pipette drops of
methacryloxypropytrimethoxysilane (MPTS, commonly used
for SU-8 adhesion promotion) for 1 h. Si chips were then placed
on a hotplate at 80 °C for 10 min to complete the silanization
process. Si chips were mounted with removable adhesives to a
polished Si wafer to ensure planarity across the laser exposure
target and ~ 60 um spacers were applied to control the thickness
of the resin. Resin was deposited by pipette drops and excess
was removed via a squeegee technique with a flat edge dispos-
able applicator.

After the resin was applied to the target chips, the Si chips
were then staged in the Newport Laser pufab™ system and focus
was adjusted manually by changing the height of the objec-
tive from the sample with a dial-based micrometer translation
stage. Rectangular designs were designed as a three-dimensional
model in Fusion360 to be 400 x 400 pum to be compatible with
the shear testing tool dimensions. The design was then imported
into the Newport Laser pfab™ system software. Slices of the
model were modified such that a single layer would generate the
entire volume of the rectangle, however the model can be easily
modified for multiple layers for future work. It is important to
note that achieving such small features in an imported geometry
was non-trivial. Refinement of the mesh during STL file export
was necessary to achieve squared corners of the structure. A fill
pitch of 1 um was used to ensure 100% fill in the body of the rec-
tangle. The Spectra-Physics® High-Q2™ was used as the exposure
source for these experiments. The source of the laser remained
constant throughout the duration of the experiments performed
and changes in delivered average power were achieved by con-
trolling an attenuator through the design software. The software
controlled the scanning speed, shutter control, and design prop-
erties. The pulse duration of the Spectra-Physics® High-Q2™ was
manufacturer specified as ~ 200 fs and repetition rate was docu-
mented as ~ 63 MHz. The experiments were performed with
a scanning speed (the motion of the x and y translation stage
during exposure) of 20 um/sec. No repetitions of the design
were used, i.e., points in the design were exposed only once per
designed line fill with the only overlaps being of subsequent
exposed lines in the line fill sequence.

After exposing the resin with the laser, chips were removed
from the system and separated from the polished Si wafer. Post-
exposure spray rinsing with methanol, isopropyl alcohol, and
DI water was performed to remove excess non-polymerized
resin. Spray rinsing was performed to rapidly remove excess
resin to minimize swelling that is introduced in typical bathing
processes [14]. Each Si chip used in this work was fabricated to

house an even number of microstructures. Since shear testing is

©The Author(s), under exclusive licence to The Materials Research Society 2022

a destructive means of mechanical evaluation, half of the fabri-
cated structures (in most cases) were available to shear for room
temperature (before cryogenic thermal cycling) baseline shear
measurements and the remaining half after cryogenic thermal
cycling. This allowed for better process analysis and ultimately
enabled the observation of process variation dominant defects
reducing the possibility of reliability trends with microstructure
height and further increasing confidence of the analysis.

Many measurement tools were used to evaluate TPP micro-
structures in this work. Tapping measurements and force-dis-
tance measurements that were performed on a sampling of
fabricated structures to extract the elastic modulus in various
locations and surface roughness was measured by using an
Anton Paar Tosca 400 atomic force microscopy system. Shear
tests were completed with a Dage 2400 with a calibrated 500 g
tool, positioning the height of the tool consistently 5 um above
the surface of the Si chip or the base of the TPP microstructure.
Structure heights were verified by optical profilometry, using a
MicroXAM-800 optical profilometer. Scanning electron micros-
copy images were collected using a Raith eLINE electron beam
lithography system. Post room temperature shear testing ther-
mal cycling was performed by way of direct liquid nitrogen
(~ 77 K) submersion inside a cryogenic dewar. Samples were
submerged for 10 s then removed until temperature warmed via
ambient thermalization, completing one thermal cycle. A total of
5 thermal cycles were completed for each chip. It was assumed
that capillary forces during cryogenic submersion were negli-
gible and had minimal impact on thermal cycling mechanical

degradation due to the large pitch of fabricated microstructures.
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