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Abstract

Laser-induced forward transfer (LIFT) technique is an emerging micro additive manufacturing
(AM) technique that has been widely used to print a variety of materials. Distinguished
from other nozzle-based AM techniques, LIFT operates without the existence of the nozzle.
This unique feature enables the transfer of prefabricated microstructures, and many works
demonstrated successful transfers of different microcomponents. However, few studies have
investigated the transfer of microstructures with functionality. In addition, no studies have
ever explored the transfer of complex or fragile microstructures. Therefore, this thesis aims
to tackle these challenges by transferring prefabricated SU-8-supported microdevices and
proving their post-transfer functionality. Furthermore, the transfers of two-photon lithography

(TPL) fabricated complex and fragile microstructures are demonstrated.

In this thesis, we start by performing the LIFT experiments using pure SU-8 microdisks. Four
different variables, including the laser fluence (laser energy), the polyimide (PI) thickness, the
SU-8 thickness and the donor-to-receiver gap distance, are systematically studied. Successful
and damage-free transfer of SU-8 microdisks with high transfer precision can be achieved
with the optimized parametric combination (e.g., = 1.6 J/cm?, PI thickness of 3 & 5 um, SU-8
thickness of 50 pm, and small gap distance).

Based on the experimental results in the previous chapter, we take one step further, trans-
ferring SU-8-supported functional microdevices. Two types of functional devices, the SU-
8-supported metal quick response (QR) codes and temperature sensors, are transferred to
different receivers. For the QR codes, their readability is verified after the transfer by the
QR scanner. Further analysis of the adhesion between the transferred SU-8-supported QR
codes and the receiver demonstrates that SU-8 devices adhere well to the receivers and can
survive in harsh conditions. As for the temperature sensors, they are transferred onto receivers
with prepatterened electrodes. Our transfer guarantees good electrical contact between the
temperature sensor and the electrodes on the receiver, confirmed by the subsequent electrical
measurement. Apart from these two functional microdevice transfer demonstrations, we ex-
tend LIFT for the realization of large-scale transfer using customized programming codes. A 40
x 40 array of SU-8 microdisks are transferred onto a PDMS-coated 4-inch wafer. Furthermore,

SU-8 microdisks are assembled to form three-dimensional (3D) structures and are transferred
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Abstract

to different nonplanar surfaces to reveal the non-contact transfer ability of LIFT.

In the end, we extend the transfer to TPL-fabricated microstructures. Microscaffolds with
different pore sizes and dimensions are transferred without damage. Moreover, by adding a
supporting layer, we achieve the transfer of fragile microscaffolds and large scaffolds. Subse-
quently, three transfer examples are demonstrated. The first demonstration is the transfer of a
T-shape microstructure into the PDMS channel with high precision. In the second example,
microscaffolds loaded with Rhodamine B ink are transferred, and the ink release ability is
qualitatively assessed. The last demonstration makes use of the ability of LIFT for upscaled

transfer, and a 7 x 7 microscaffold array is placed on a 4-inch wafer.

In conclusion, the methods and results presented in this thesis show the potential of LIFT for
transferring functional microdevices & complex and fragile microstructures in a damage-free
way and maintaining their functionality after transfer. This work lays a solid foundation for
the exploration of transferring other potential microdevices and assembling microstructures

in a fully automated manner.

Keywords: Laser-induced forward transfer, SU-8, Polyimide, QR code, Temperature sensor,

Two-photon lithography
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Résumé

La technique de transfert vers 'avant induit par laser (LIFT) est une technique émergente de
fabrication additive. Le LIFT a été largement utilisé pour imprimer une variété de matériaux. Se
distinguant des autres techniques de fabrication additive a base de buses, le LIFT fonctionne
sans I'existence de la buse. Cette caractéristique unique permet le transfert de microstruc-
tures préfabriquées, et de nombreux travaux ont montré des transferts réussis de différents
microcomposants. Cependant, peu d’études ont étudié le transfert de microstructures avec
fonctionnalité. De plus, aucune étude n’a exploré le transfert de microstructures complexes ou
fragiles. Par conséquent, cette these vise a relever ces défis en transférant des micro-dispositifs
préfabriqués soutenus par du SU-8 et a prouver leur fonctionnalité post-transfert. En outre,
les transferts des microstructures complexes et fragiles fabriquées par lithographie a deux

photons sont démontrés.

Dans cette these, nous commencons par réaliser les expériences LIFT en utilisant des micro-
disques de pur SU-8. Quatre différentes variables sont étudiées de maniere systématique. Ce
sont la fluence laser (I'énergie du laser), I'épaisseur de polyimide (PI), I'épaisseur du SU-8
et la distance entre le donneur et le récepteur. Des transferts réussis et sans dommage des
micro-disques de SU8 peuvent étre réalisés avec une grande précision de transfert grace
a 'optimisation de la combinaison de parametres (par exemple, fluence laser = 1.6 J/cm?,
épaisseur PI de 3 et 5 um, épaisseur SU-8 de 50 um, et petite distance d’écart donneur-
récepteur).

Sur la base des résultats expérimentaux, nous allons encore plus loin dans le dernier chapitre
en transférant des micro-dispositifs fonctionnels supportés par du SU-8. Deux types de dispo-
sitifs fonctionnels supportés par du SU-8 sont transférés sur différents récepteurs : des codes
aréponse rapide (QR codes) métalliques et des sondes de température. Pour les codes QR,
leur lisibilité est vérifiée apres le transfert a I'aide d'un scanner QR. Une plus ample analyse de
I’adhérence entre les codes QR (supportés par le SU-8) transférés et le récepteur démontre
que de tels appareils en SU-8 adhérent bien aux récepteurs et qu’ils peuvent survivre dans des
conditions difficiles. Quant aux sondes de température, elles sont transférées sur des récep-
teurs sur lesquels des électrodes avaient été préfabriquées. Notre transfert garantit un bon

contact électrique entre la sonde de température et les électrodes sur le récepteur, ce qui est



Résumé

confirmé par test électrique. Outre ces deux démonstrations de transfert de micro-dispositifs
fonctionnels, nous développons le LIFT pour la réalisation de transfert a grande échelle en
utilisant des codes de programmation personnalisés. Un réseau de 40 x 40 micro-disques
SU-8 sont transférés sur une plaquette (wafer) de 100 mm recouverte de PDMS. De plus, des
micro-disques de SU-8 sont assemblés pour former des structures tridimensionnelles (3D) et
transférés sur différentes surfaces non planes pour révéler la capacité de transfert sans contact
du LIFT.

Enfin, nous étendons les transferts aux microstructures fabriquées par lithographie a deux
photons. Des micro-échafaudages avec des pores de différentes tailles et dimensions sont
transférés sans dommage. De plus, en ajoutant une couche de support, nous réalisons le
transfert de micro-échafaudages fragiles et de grands échafaudages. Par la suite, trois exemples
de transfert sont présentés. La premiére démonstration est le transfert d'une microstructure en
forme de T dans un canal en PDMS avec une grande précision. Dans le deuxieme exemple, des
micro-échafaudages chargés d’encre Rhodamine B sont transférés, et la capacité de libération
de I'’encre est évaluée qualitativement. La derniere démonstration utilise la capacité du LIFT
pour un transfert massif, et un réseau de 7 x 7 micro-échafaudages est placé sur une plaquette
de 100 mm.

En conclusion, les méthodes et résultats présentés dans cette these montrent le potentiel du
LIFT pour transférer des micro-dispositifs fonctionnels et des microstructures complexes et
fragiles sans dommage tout en maintenant leur fonctionnalité apres le transfert. Ce travail pose
des bases solides pour I'exploration du transfert d’autres micro-dispositifs et de 'assemblage

de microstructures de maniére entiérement automatisée.

Keywords : Transfert vers I'avant induit par laser, SU-8, Polyimide, Code QR, Sonde de tempé-

rature, Lithographie a deux photons
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|§ Introduction

1.1 Background

Depositing and patterning materials to form structures with micron/submicron resolution is
of great significance in various fields extending from microelectromechanical systems (MEMS),
flexible electronics and bioprinting to optoelectronics, etc. To date, the most widely used
technique for the realization of materials micropatterning is photolithography. In photolithog-
raphy, the targeted material is first deposited on the wafer, with subsequent removal steps (e.g.,
lift-off/etching) to achieve desired patterns. Figure 1.1a shows that photolithography operates
in a subtractive manner and multi-steps are required. For cases that require a low amount of
materials to reduce waste and call for fewer steps for fast prototyping of novel devices, another
type of fabrication approach emerges, which is named additive manufacturing (AM) (shown
in Figure 1.1b) 14,

a b
Material to be pattemed

Substrate

HE N B B H B N
Subtractive approach Additive approach

Figure 1.1: Schematic illustrations of two approaches for material patterning. (a). The
subtractive approach. (b). The additive approach.

Compared to the conventional lithography-based approach, AM technique is famous for
its simplicity, flexibility, fast processing time and user customization. Among various AM

techniques, there is a family of printing approaches that operate in a drop-on-demand (DOD)
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fashion and are extensively used to pattern a vast diversity of materials. Typical DOD methods
include inkjet printing (Figure 1.2a) >, electrohydrodynamic (EHD) printing (Figure 1.2b)
891 and aerosol jet printing 1912/, However, these DOD schemes have inherent limitations,
such as narrow printable windows and nozzle-clogging issues ['>14. Therefore, the Laser-
Induced Forward Transfer (LIFT) technique, which uses a laser for selective transfer of
materials from a thin film (coated on a donor substrate) to the receiver substrate (Figure 1.2c),
arises as a strong competitor to other DOD schemes because it is free from the aforementioned
limitations. Since its debut in 1986 ', LIFT has been utilized to print and pattern a series
of materials. In all the applications, its ability to transfer prefabricated microstructures due
to its nozzle-free nature demonstrates its uniqueness among other AM techniques. Such
microstructure transfer ability will be elaborated on in the following sections and it is also our

motivation to complete this thesis.

a b c

Piezoelectric

Pulsed voltage

Droplet ———> -

" Printed
_g/ pattern

Substrate

Inkjet printing EHD printing LIFT

Figure 1.2: Schematic illustrations showing the inkjet printing (a) [16], EHD printing (b) [8]
and LIFT technique (c) [17].

1.2 Laser-induced forward transfer (LIFT) technique

1.2.1 Introduction of LIFT

As mentioned in the "Background" section, the term "LIFT" is coined in 1986 1%, when
Bohandy et al. utilized an excimer laser to print metallic lines from a copper (Cu) thin film.
Since then, LIFT emerges as a fast-developing AM technique, enabling the printing/transfer of
a wide variety of materials/microcomponents 1724 The basic operation principle of LIFT
is illustrated in Figure 1.3. A beam of laser from the laser source is deflected by a mirror
and focuses on the interface between the transparent donor substrate and the donor film.
By means of laser irradiation, a tiny portion of the donor material will be ejected from the
donor film and land on a receiver substrate. This process demonstrates a simple but effective

approach to realizing controlled patterning of material on the receiver.

Because of the facile configuration and simple working principle, LIFT is capable of competing

with other existing techniques, and it possesses some unparalleled advantages. First, itis a

2
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nozzle-free printing technique, which eliminates the adverse effects of nozzle-clogging issues
and ink viscosity limitations. This characteristic also makes it compatible with transferring
prefabricated microstructures. In addition, LIFT can operate in a non-contact manner. This
feature rules out the possibility of contamination of the receiver by the donor materials
and broadens the diversity of receiver substrates. Last but not least, the fast laser (pulse
width varying from femtosecond to microsecond) enables the printing of materials in a high

throughput way, which can find potential in mass production.

In the following parts, the state-of-the-art LIFT technique is reviewed from two aspects: LIFT
variations and LIFT applications.

]
N

Figure 1.3: Schematic illustration of a typical LIFT configuration. In the sketch, the LIFT
system consists of a camera, a microscope objective, a laser source, a donor substrate, a thin
film of donor material, and a receiver substrate.

1.2.2 LIFT variations

The last 40 years have witnessed the rapid development of the LIFT technique, and numerous
LIFT variations have been developed in order to print/transfer various materials and address

different needs. Below are four types of LIFT variations.
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Matrix-assisted pulsed laser evaporation-direct write (MAPLE-DW)

MAPLE-DW technique is a combination of MAPLE and LIFT. In this technique, the donor
material is uniformly embedded into a solvent matrix material with a low evaporation point.
Upon absorbing the laser beam, the matrix decomposes into volatile byproducts and then
propels the donor material toward the receiver (Figure 1.4a). This method features a pyrolytic
process only for the matrix material, keeping the donor material uninfluenced by the laser
and maintaining its composition and functionality. In the early works 2>, different ma-
terials such as SrTiO3 (STO), YsFe50;2 (YIG), BaTiOs capacitors and polymer composites as
prototypes were printed to prove the feasibility of MAPLE-DW for printing all class of materials.

a b C d
= |
substrate Receive'
DR BT A T Ag nano paste DRL —
. — i Donor film

Receiver Container

v v v v

e

MAPLE-DW LDT FF-LIFT DRL-LIFT

Figure 1.4: Schematic illustrations of four LIFT variations. (a). A simple illustration sketches
the MAPLE-DW process. (b). A sketch showing the concept of LDT. (c). FF-LIFT process. (d).
DRL-LIFT process.

In the meantime, researchers [?%3% used ultrahigh-speed optical microscopy to investigate
the dynamics of the MAPLE-DW process, and three distinct printing regimes were defined:
plume, jetting and sub-threshold regimes, which correspond to high, middle and low laser

fluence, respectively.

Due to its flexibility, MAPLE-DW has been employed to print a lot of materials for different
applications, including biosensors 3!!, chemical sensors 132!, various cells 336!, zirconia and
hydroxyapatite scaffold materials *”), screen printable inks 138, glycerol-water solution 3°
and polyethylenimine (PEI) polymers 139,

Laser decal transfer (LDT)/Congruent LIFT

Congruent LIFT or LDT was first proposed by A. Piqué et al. *%-#?!, Different from conventional
LIFT, where evaporation or melting of the donor material is involved in achieving the printing,

the LDT process relies on the non-phase transformation of the ink (silver nano-suspensions).

4
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By capturing the transfer process via high-speed camera 4344 the transfer mechanism is
elucidated, and two parameters, ink viscosity and laser fluence were studied to guarantee the
successful transfer of voxels with uniform thickness, sharp edge feature and negligible ink
debris (Figure 1.4b). With optimized ink viscosity (= 90,000 — 150,000 cP) and relatively low
laser fluence (35-65 mJ/cm?), decals illuminated by the laser separate from the donor film by
brittle fracture and fly to the receiver with speed less than 1 m/s, which minimizes the voxel

deformation during the transfer and impact with the receiver.

LDT prints structures in a voxel-by-voxel fashion, and the researchers extended this pixelated
transfer to complicated structures by placing an aperture with predefined structures on the
laser path. But this aperture method has limitations because it requires the frequent change
of apertures if one wants to print multiple structures. In order to accomplish dynamic and fast
printing of voxel with any geometry, the same team incorporated a real-time reconfigurable
digital micromirror device (DMD) into LDT to dynamically modulate the laser 4548/, This
novel method can alter the voxel shape from one to the other with a fast speed.

Based on the LDT technique, many applications have been fulfilled such as Ag conductive
lines %41 freestanding microcantilevers and microbridges % 5% multilayer scaffold struc-
tures and pyramids [?>5!) THz metamaterials and meta-antennas 4¢%2-54 | cavity-sealing
membranes %%, square grids °®, conformal 3D interconnects °”), checkboard patterns (4748

and coplanar waveguides (CPWs) (58]

Film-free LIFT (FF-LIFT)

The FE-LIFT configuration differs from the conventional LIFT setup, where the donor system is
areservoir containing the liquid to be printed and placed underneath the transparent receiver
substrate (Figure 1.4c). The laser, being directed either over the receiver or under the donor
reservoir, is focused at a short distance (a few hundred um) below the free surface of the liquid.
The laser energy is absorbed by the liquid, and if the absorption exceeds the optical breakdown
threshold of the liquid, a cavitation bubble will be formed. Its expansion propels a tiny portion

of liquid towards the receiver °%-6%

Dynamic-Release-Layer LIFT (DRL-LIFT)

Direct laser-material interaction is a prerequisite for successful printing in the aforementioned
complementary LIFT techniques. However, as is often the case, transferred materials are either
transparent to the laser or sensitive to laser irradiation/heat. Therefore, direct exposure to the
laser may compromise its functionality/performance after the transfer. To tackle this issue,
several groups developed a new LIFT variation called DRL-LIFT.
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In DRL-LIFT, a sacrificial layer is deposited between the transparent donor substrate and the
donor material layer. When the incident laser irradiates on the sacrificial layer, the laser energy
will be fully absorbed by this layer, leading to partial/complete vaporization of this layer. As
aresult, the donor film is kept from being exposed to the laser, and the pressure created by
the vapor gives rise to the printing/transfer of the donor material (Figure 1.4d). DRL-LIFT is
advantageous over the traditional LIFT because it can transfer more delicate materials which
are heat-sensitive and prone to be damaged by the laser. Notably, the residues of the DRL
can contaminate the donor film if not decomposed completely, so the compatibility of this
technique with some materials should be taken into account during the transfer. Based on
the nature of the laser-intermediate layer interaction, three types of DRLs (metal, triazene
polymer (TP), and polyimide (PI)) have been proposed and widely used for LIFT printing.

The metallic thin-film layer was first investigated as DRL. Its working principle relies on
the strong absorption of the laser radiation by the metal layer and the ensuing heat-up and
melting/evaporation. This results in the formation of a high-pressure gas bubble and a front
jetin the donor material layer. Consequently, a small amount of donor material will be ejected
and transferred to the receiver. Different metals have been used for DRL-LIFT. For example,
gold (Au) thin film was coated on a transparent carrier to print peptides %%, biomolecules 67,
bioink %8, Titanium (Ti) thin film was widely used for printing biomolecules 6%, DNAs [/,
UV sensitive polymeric glues "V}, adhesive fluids ['#, sodium alginate-glycerin solution "%
and liquid film 3!, Silver (Ag) was used for printing cell patterns ["*!. Besides pure metals,
researchers also used metal-oxide film 33! and carbon thin film " as the DRL. The main
issue concerning metal-layer DRL is that the melted/evaporated metal will resolidify, mix
with donor film and finally contaminate the transferred donor materials, which might be

detrimental to delicate materials such as cells.

Aiming at solving the contamination issue, the explosive TP layer is used as an alternative.
TP features its low ablation threshold, low decomposition temperature, and high-absorption
coefficient at the ultraviolet (UV) spectrum. Upon laser irradiation, the TP will decom-
pose into volatile gases and release N», which provides forward thrust for LIFT printing.
In 2001, a Japanese group (/% reported the transfer of pyrene-doped polymethyl methacry-
late (PMMA) film by a triazeno polymer (TA) film. Then T. Lippert and other researchers
proposed to utilize TP as the laser absorbing layer for printing mammalian cells /"), Since
then, TP has been extensively investigated as DRL for LIFT printing and various applications
have been proven such as organic light-emitting diode (OLED) pixels ["®, nanocrystal quan-
tum dot (NQD) emitters (791 Al gelatine and methylcellulose pixels (80 ' GdGaO material 81,

s 82] polyethyleneimine (PEI) and polyisobutylene (PIB) (831 lipo-

polystyrene (PS) microbead
some micropatterns %4, polymer light-emitting diode (PLED) pixels 886!, organic semicon-

ductor distyryl-quaterthiophenes (DS4T) 7, ferrocene pixels #8 and graphene (89,
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Besides metal and TP, another widely used DRL is PI. PI is a commercially available material
and the PI thin film preparation is relatively simple, which only requires a spin-coating and
curing process. Different from the metal/TP-based DRL-LIFT process, in PI-LIFT, a portion
of the PI layer is ablated by the laser. The ablation generates trapped gas with high kinetic
energy, thus creating a fast-expanding PI blister. The blister simultaneously exerts an impulse
on the donor material, and finally, a small amount of donor material is expelled from the
donor substrate and transferred to the receiver. This approach was first developed by C. B.
Arnold et al. ®” to achieve contamination-free printing of living mammalian embryonic
stem cells. Relying on this idea, they further printed light-emitting organic molecules !
and active organo-metallic material %2/, Other groups printed bio-active detection chemicals
193] bio-active detection chemicals ®*, soft material nanolayer 1951 and graphene/CuxO
nanocomposite %!, In some cases, a metal thin film is also employed for the LIFT experiments.
Different from the metal DRL mentioned above, the metal layer here is deformed by the
laser and forms a bump. This bump facilitates the printing of donor materials such as silica
nanoparticles and Cgg 7 MoS, monolayers (98] single-wall carbon nanotubes 991 and

diamond nanoparticles 190,

1.2.3 LIFT applications

Due to its excellent characteristics and different variations, LIFT has gained widespread use in

a variety of applications. In this part, three main applications are briefly reviewed.

LIFT for electronic materials

The diversity of the donor materials makes LIFT exceptionally suitable for printed electronics.
In the "DRL-LIFT" part, printing examples of several electronic materials like OLED, PLED
and organic semiconductors are mentioned. In recent 10 years, more attention has been paid
to printing metal-based inks and other functional electronic materials. Ag ink, a functional
material widely used in inkjet printing and screen printing, is printed by LIFT to realize
electrical functionality. Ag lines, ring structures, seed layer and interdigital electrodes were
printed onto receivers to fulfill different purposes 10119 Besides printing such functional
structures, Ag pastes were used as interconnects for the chip bonding process as well [107:108]
In addition, other functional inks, including lithium-based cathode ink (1091 " conductive
adhesive 11011 solder paste [''?! and Ag nanowire inks 113114 were successfully printed
for specific applications.

The previous paragraph summarizes the Ag-based ink and other conductive ink printing
examples. In the meantime, other metals are employed for LIFT printing. In 2017, zinc (Zn)

was printed onto biodegradable polymer substrates for transient electronics ''® and Cu
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(116] - Another group printed ZrPd-based

antennas were printed and sintered by the laser
metallic glass microstructures 7). In their subsequent work, they printed continuous lines
using CuAgTi and CuBi alloys 18, In 2018, researchers integrated pad-line-pad Cu structures
into a glass substrate 1'% and most recently, the concept of LIFT of liquid metal EGaln was

verified (1201,

Apart from the metal-based LIFT examples, many more functional electronic materials have
been printed, such as graphene (89,121) graphene oxide (122 single-wall carbon nanotubes

991 and poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:PSS) polymers
[123]

LIFT for biomaterials and cells

Biomaterials are essential for developing various fields, including pharmaceutical, bioengi-
neering and sensing applications. To take advantage of biomaterials, the controlled deposition
and immobilization of different biomaterials at targeted positions for the realization of minia-
turization are of great significance. To achieve this goal, many approaches are employed, such
as microcontact printing, photolithography, robotic dispensing and inkjet printing. However,
inherent drawbacks like low throughput, cross-contamination, solution viscosity and nozzle
clogging hinder their applications, not only in printing biomaterials but also in printing living

cells, which are even more sensitive to the above-mentioned drawbacks.

Due to its nozzle-free and contactless characteristics, LIFT has been recognized as an impor-
tant alternative for bioprinting and there is a term named "laser-assisted bioprinting" (LAB)
to emphasize the importance of LIFT. The history of LIFT in bioprinting can date back to the
beginning of the 21st century. A group in the USA used LIFT to print pico-liter scale proteins
[1241 " Since then, numerous biomaterials, including DNA & protein microarrays 69 125-127,
biomolecules 1?8 antibodies %% and bioinks %8 have been successfully printed. Besides
these biomaterial printing demonstrations, a research team investigated the influence of the
laser. Femtosecond and nanosecond lasers were studied for transferring biomolecules and
the results turned out that 78 % of biomolecules remained active (femtosecond laser) while

the value dropped to 54 % with nanosecond laser (67130,

Apart from biomaterials printing, printing living cells by LIFT is even more intriguing because
LIFT is capable of eliminating the drawbacks of other printing techniques, which enables the
viability of cells after printing. A group started cell printing by LIFT in 2001. In their research
(1311 " Chinese hamster ovaries (CHO) cells were successfully printed and then multiplied
over 300 cells. Afterward, a series of cell types appeared in LIFT-related research, including
human osteosarcoma cells 32! B35 neuroblasts /"), human adipose-derived stem cells (1331

endothelial cells ['3*, human osteoprogenitor cells 3%, fibroblasts 136!, Mesenchymal stem
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cells 1371 B-lymphocyte cells 4/, A group moved one step further, developing an in vivo
bioprinting system to print Nano-hydroxyapatite in the mouse calvaria defect model and

proved the possibility of in vivo bioprinting 138,

LIFT for 3D metallic structures

As reviewed in the "Laser decal transfer" part, LIFT is an excellent candidate to print high
viscous metallic inks for fabricating 3D structures. Besides using such metallic inks, LIFT is also
capable of directly printing metal film due to its nozzle-free characteristic. Such printing starts
with the investigation of the printing quality of metals. Typical metals, including aluminum
(Al 139 copper (Au) %% and chromium (Cr) '*, are studied and their droplet size and

morphology as a function of laser energy are analyzed.

Based on these results, researchers extend the in-plane printing of metal pixels to out-of-
plane printing by stacking each voxel on top of the other. In 2015, a thesis ['*?! studied the
printing mechanism of metals using different lasers (femtosecond and nanosecond laser) and
defined several printing regimes. In the same year, a group printed multiple Al voxels 143! onto
receivers to form square slab structures. In other works 144146! the same group extended the
printing to form complex structures such as concentric cylinders and micropillars. Another
group made use of the Cu film and printed a long pillar with a high-aspect-ratio (diameter of 6
um and vertical length of 860 um) [147), Apart from the printing of only one metal, researchers
performed a sequential printing of Cu and Au '8!, and then etched the Cu underneath to
obtain the freestanding cantilever structure. In addition, one research team investigated the
printing of two metals to form a joint structure as a freestanding thermocouple 149,

In short, all these reviewed examples illustrate that LIFT can be used as a promising micro AM

technique to print and pattern various functional materials.

1.3 LIFT of functional devices

LIFT is initially developed for printing donor materials consisting of a continuous thin film.
However, an intriguing feature of LIFT, distinct from other AM techniques, is that LIFT enables
the printing/transfer of prefabricated microstructures/microdevices directly to receivers. In
the following section, the state-of-the-art of transferring premachined individual microstruc-

ture/microdevice is presented.
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1.3.1 State-of-the-art microcomponent transfer by LIFT
Review of microcomponent transfer examples

The idea of using a laser to transfer individual structures/devices can date back to 1998 1591511,
A group from Imperial College in the UK proposed an idea to transfer prepatterned metal
structures (Cu and Ni) by an intense pulse of the UV excimer laser, using spin-coated PI as
the sacrificial layer. In their metal structure preparation, a layer of 200 nm copper (Cu) was
evaporated or sputtered to form the seed layer, followed by a photolithography step to pattern
the Cu layer. The electroforming technique was then used to form 50-200 pm thick nickel (Ni)
on the Cu layer. The photoresist was then stripped, and the exposed seed layer was etched,
producing a Cu/Ni individual pad with the lateral size of 2 x 2 mm?. Figure 1.5a depicts the

configuration of the donor system and demonstrates the transfer process.
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Figure 1.5: Laser-based microstructure transfer examples. (a). Basic laser-assisted assembly
process [150]. (b). Optical micrograph of 1 mm by 1mm “dummy” device during transfer [152].
(c). SEM micrographs of 10 pm (a) and 5 pm (b) ZnO pellets printed onto Si and plastic
receiver, respectively [153]. (d). Schematic diagram of voxel-based laser-induced forward
transfer (VB-LIFT) [154]. (e). Schematics of laser-driven micro-transfer placement using
PDMS stamps [155, 156].

Following the idea of the laser-driven release of microcomponents, several groups devel-

10
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oped the transfer process using different DRLs such as adhesive glues and die transfer tapes
(152,157,158 Trrelevant to the tape or adhesive glue type, such a DRL layer fulfills two purposes:
the miniature electronic components are first picked up by such an adhesive layer. Then
upon the laser irradiation on such dummy dies, the topside of the dummy die is heated.
Consequently, a portion of the adhesive layer will de-polymerize and decompose, forming
gas pressure. The gas pressure exceeds the adhesion force between the adhesive layer and
the microcomponents and enables the transfer of such microcomponents (Figure 1.5b). Al-
though there are quite a few studies based on this mechanism, one existing issue is the direct
interaction between the dummy die chip and the laser, which causes the high temperature on
the top surface of the chip. Even if they found the Si bare die release threshold is lower than
its thermal damage threshold for the die (< 673 K) (1571 the interface temperature is still very
high, and one needs to make sure that the microcomponents being transferred can absorb the
laser energy.

Besides this idea, other teams take advantage of various approaches to transfer functional
microcomponents. One group utilized femtosecond laser to transfer prepatterened piezoelec-
tric material-ZnO pellets, which were micromachined by (focused ion beam) FIB technique
(1531 They compared the printing results of ZnO pellets (5 and 10 yum in diameter) with and
without FIB preprocessing. A finding was that with the milling process, ZnO voxels with
negligible debris were printed on the receiver, whereas debris and splashy deposits were
found on the receiver when there is no pretreatment (intact ZnO film), as shown in Figure
1.5c. However, the LIFT process requires expensive and time-consuming FIB operation as the
prerequisite. Instead of micromachining the donor film, another group patterned Cu inter-
connects by conventional lithography and Cu wet etching ['%%). The first step of the transfer
was laser-deforming the center of these interconnects with a laser fluence of 1100 mJ/cm?,
while the two ends of the interconnect were pressed by a stencil with apertures. The second
step was to remove the stencil and laser transfer the two ends to the targeted positions. As a
demonstration, such Cu beams were transferred to connect two capacitors. Recently, another
group in China premachined a sputtered Cu film by picosecond laser to form individual voxel
arrays. Then they employed a nanosecond laser to print such an array on a large-scale (several

millimeter squares by a single pulse) onto receiver ¥ (Figure 1.5d).

Some researchers removed the dynamic-release layer and exploited micropatterned poly-
dimethylsiloxane (PDMS) as stamps to transfer Si chiplets (laser-driven micro-transfer print-
ing, LMTP). In their research 155156 the PDMS stamps are fabricated by soft-lithography.
By pressing PDMS stamps on top of prefabricated Si chiplets, these test microstructures are
picked up via the strong van der Waal forces between the chiplet and PDMS. Then an incident
laser is shined on the interface between the stamp and chiplets, causing a temperature rise.
The whole process is shown in Figure 1.5e. Benefiting from the huge difference in the coeffi-
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cients of thermal expansion between the PDMS (310 ppm/°C) and Si (2.6 ppm/°C), the PDMS
deforms and bends more, which decreases the contact area with the Si chiplet. Once the work
of adhesion of the PDMS-chiplet interface is surpassed by the energy release rate resulting
from the delamination at the interface, the chiplet is released and transferred to the receiver.
Relying on a similar configuration, this method was extended to transfer Cu coils 1" and Ag
nanoink dots '8, Similar to the issues existing for the DRL (glue/tape) based laser transfer,

high temperature at the interface is inevitable due to the transfer mechanism.

In order to alleviate temperature-related issues, two other groups found alternative stamps-
shape memory polymers (SMP). The working principle of SMP stamps can be simply described
as follows: When the temperature exceeds the shape memory transition temperature (Tg),
SMP stamps deform to a temporary shape with a large contact area with the microcomponents
under external pressure. Lowering the temperature to room temperature, these stamps
maintain their deformed shape, allowing the pickup of the microcomponents. After shining
a laser at the interface of the SMP and chips, the temperature is elevated above T¢ and the
SMP-based stamps recover to their undeformed, reverse-pyramid shape, thus decreasing the
adhesion and transferring the chips to receivers. In their work [1%?!, the authors successfully
picked up Si and GaAs ribbons from growth substrates and transferred them onto PDMS
receivers. The second group '8! further improved this approach by embedding carbon black
(CB) particles into SMP. In their case, the SMP is transparent to near-infrared (NIR) laser,
and the absorbing agent is the CB. Via this modification, they avoided the direct interaction
between laser and Si inks and minimized the temperature issue from 300°C 155 156! to 80°C.
The complete process is illustrated in Figure 1.6a. However, these SMP stamps need multiple
fabrication steps and the decreased temperature is still much higher than room temperature,

which might not be suitable for thermal-sensitive or light-sensitive materials.

To completely address the temperature issues, more groups offered other options. Instead of
using glue/tape as DRL, one team used triazene polymer (TP), which has the properties of
full decomposition into volatile gas upon UV laser irradiation. A group !'6*! combined LIFT
with a magnetic field to guide and align test chips to the targeted location (Figure 1.6b). On
the microchips, contact pads comprise Ni (5-6 um thick) and Au (200 nm thick), which makes
such chips susceptible to the magnetic field. The results proved that the translational and
rotation precision is increased with the aid of a magnetic field. However, the introduction
of the magnetic field complicates the whole process. In the meantime, special contact pads
(magnetic materials such as Ni by electroplating) are required to guarantee the function
of the magnetic field, which might not be practicable for other functional microstructures.
Last but not least, even if the UV-absorbable TP DRL can preclude the influence of high
temperature, additional process steps and chemicals are required for its preparation (mixing
TP with chlorobenzene and cyclohexanone). Recently, a German group used nitrocellulose
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Figure 1.6: Four transfer examples using different intermediate layers. (a). The operation of
the laser-driven carbon black SMP printing process [163]. (b). Concept of laser dies transfer
and magnetic self-assembly [164]. (c).Detailed schematic of laser dies transfer process using
the nitrocellulose varnish as the DRL layer [165, 166]. (d). Schematic illustration of the
laser-driven programmable non-contact transfer printing process via an active elastomeric
microstructured stamp [167].

Gap —

varnish as the DRL to pick up bare dies and achieve successful transfer of such dies (16 166!,

as shown in Figure 1.6c. The latest research ['67! worked on the fabrication of PDMS-based
air cavities as the stamp. Fe particles were coated on the inner surface of the cavity as the
laser-absorbing layer, and the cavity was further encapsulated by a thin layer of PDMS with
corrugated microstructures. The incident laser is absorbed by the Fe layer and elevates the
temperature of the cavity. The gas pressure inside the cavity will increase and deform the
encapsulated PDMS layer, hence decreasing the contact area between the PDMS layer and the
microdevices and guaranteeing the release of devices (Figure 1.6d). Although different transfer
examples are demonstrated by this method, the inherent multi-step cleanroom fabrication of
the air cavity steps complicates the whole process.

Among all these complementary laser-based transfer techniques, PI-based LIFT stands out as

a promising candidate and has evolved fast over the last twenty years for different functional
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Chapter 1. Introduction

microcomponents transfer. PI-LIFT is characterized by its excellent features. In the first place,
PI is commercially available, and its coating and curing process is mature so that no other
chemicals or steps are needed for its thin film preparation. Secondly, its UV absorbable prop-
erty and small absorption depth (<1 um) protect the microstructures from laser irradiation,
heat/high temperature, and PI contamination from the ablation products. Furthermore, no
premachining of the PI (unlike the examples using prefabricated PDMS/SMP as stamps for the
transfer) is necessary for transferring microcomponents. The first microcomponent transfer
demonstration !!5% 151 ysing PI as the DRL has been described in the first paragraph of this
section. Since then, this approach has successfully transferred various functional singulated
devices/structures. In 2008, a Swiss team 18! reported the distribution of AFM levers from a
source wafer to numerous receiver wafers by LIFT, and the AFM image quality obtained by
the transferred AFM lever was comparable with those obtained from commercially available
cantilevers. The AFM device transfer demonstration is shown in Figure 1.7a. Later, another
team explored the transfer (thermo-mechanical selective laser-assisted die transfer, tmSLADT)
of Si bare dies 161701 with the aid of a two-layer DRL configuration (PI + adhesive tape). In
another research !”! from their team, they broadened the application of the LIFT system by
laser-machining the flexible substrate and embedding ultrathin dices into such substrates for
flexible electronics (laser-enabled advanced packaging, LEAP). Figure 1.7b shows its trans-
fer process and a transfer example of a fully functional RFID tag. In 2018 ['7?| they further
displayed the potential of PI-LIFT for large-scale pLED array assembly (massively parallel
laser-enabled transfer, MPLET) using "beamlets" originating from a single laser beam (Figure
1.7¢).
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Figure 1.7: Functional device transfer examples using PI as the intermediate layer. (a).
Optical images of the selectively transferred AFM device and the corresponding source wafer
after transfer [168]. (b). A functional RFID chip is placed in a flexible polymer substrate by
laser transfer [169]. (c). pLED transfer strategy and one transfer demonstration [172].

To sum up, this section reviews the state of the art of laser-based microstructure transfer using
LIFT and its complementary techniques. Table 1.1 presents all these works in chronological
order. Although the variations in the LIFT setup (laser type, with/without DRL, donor substrate
type, etc.), all the publications mentioned above show the capability of LIFT to transfer
various microcomponents with the size ranging from 0.01 to 10 mm?. However, most of these
works use Si tiles/chiplets as proof-of-concept demonstration, and fewer functionalities are
proved after the transfer. In the meantime, only a few research emphasizes the interaction

between the transferred microcomponents and the receiver substrates. Furthermore, one
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Table 1.1: Summary of laser-based transfer of microcomponents

Technique Device Intermediate layer Feature size (um?) Ref.

Laser-driven release Ni structures PI 2000 x 2000 [150,151]
Laser die transfer Si die PVC 200 x 200 [157]
Laser releasing and propulsion Si die Revalpha tape 300 x 300 [158]
Laser direct-write InGaN LED, bare die Double stick tape 250 x 250 [152]
Laser selective transfer AFM lever PFA foil and PI 220 x 30 [168]
LIFT ZnO pellets N.A. 5 & 10 um in diameter [153]

tmSLADT Si tiles PI + Adhesive layer 670 x 670 [169,170]
LEAP Si dies PI 680 x 680 [171]

LMTP Si squares N.A. 100 x 100 [155,156]
Magnetic-field-assisted transfer Si dies TP 1000 x 1000 [164]
LDT Cu beam Ag 1000 pym long [159]
Laser-driven SMP printing Si and GaAs ribbons N.A. 400 x 50 [162]
Laser-driven CBSMP printing Siink N.A. 500 x 500 [163]
MPLET MLEDs PI 55 x 32 [172]

LMTP Cu foil & Ag pdots N.A. 140 x 140 & 5 pm [160,161]
Laser-driven noncontact transfer Si platelets Iron particles 350 x 350 [167]
LIFT Cu pparticles N.A. 5 um in diameter [154]

LIFT Si square Nitrocellulose varnish 200 x 200 [165,166]

NL.A. in the table represents no intermediate layer is used for LIFT experiments.

more question needs to be answered: is LIFT capable of transferring complex or inherently
fragile microstructures? Because all the above-mentioned research focuses on simple and
relatively rigid microstructures (e.g., Si square dies).

As for the intermediate layer choice, the PI layer has been proven to be an excellent candidate
for microstructure transfer. Its shallow laser absorption depth of 0.5 um 173! guarantees
that the rest of the PI film (e.g., 5 um thick) can insulate the transferred microstructures

from thermal and mechanical shocks 99

, and its preparation process is sufficiently facile. In
addition, the mechanical property of the PI film is also favorable for microstructure transfer
because the thin PI film has smaller flexural rigidity (2.4 x 1078 N-m for 5 um thick PI) 1741751,
which makes it easy to be deformed by the vapor pressure to form a PI blister. As a result,
in our experiments, we make use of PI film as the laser energy-absorbing layer to realize the

transfer.

Transfer mechanism using PI absorbing layer

Since PI film will be used as the intermediate layer to facilitate the transfer, understanding
the mechanism of the PI blister formation, expansion, and ensuing microdevice separation
process is crucial to optimize the LIFT process and extend it to other functional devices
transfer. To date, research has been carried out to investigate the dynamics of the PI-LIFT
process, especially the PI blister formation 1761791,

The operation principle of PI-LIFT relies on the laser-PI interaction. PI blister formation and

the following blister expansion are initiated by laser irradiation. Upon the irradiation at the
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glass/PI interface 189, the laser energy is fully absorbed by a shadow layer of PI because of
the opaque property of PI film to the laser (e.g., laser wavelength of 355 nm) [173181-186] Opce
the laser fluence exceeds the ablation threshold of PI, a small portion of PI is ablated, thus

generating confined gases between the glass substrate and the nonablated PI.

To deduct the governing equations describing the blister formation process, researchers
introduced several assumptions to simplify the theoretical modeling.

1. The heating and vaporization of the PI film are fast enough, and they can be neglected.
2. The establishment of vapor pressure is sufficiently rapid without delay.

3. The vapor pressure that expands because of the laser pulse to deform the remaining PI

film can be considered an adiabatic expansion process.

4. The influence of gravity can be ignored with respect to the vapor pressure forward thrust.

Based on the thermodynamic theory, the laser energy is partially converted into thermal

energy of the trapped gas, which can be expressed as:

AQ:kfI(t)dt (1.1)

where AQ, k and I(t) denote the increase of thermal energy, the conversion efficiency of laser
energy to thermal energy in the trapped gas, and instantaneous laser power over the time step

dt, respectively.

At the start of a time step, the AQ is added to the trapped gas at constant volume. This gives
rise to the increment of the gas temperature, given by

_AQ

mcy

AT

(1.2)

where AT, m and c, represent the temperature increase, the mass of the gas, and the spe-
cific heat and constant volume, respectively, since Equation (1.2) adopts the constant-heat
assumption of the ideal gas, the corresponding pressure change AP is expressed using the
general gas equation.

AP=——=AT (1.3)

where M, R, and V are the molar mass of the gas, the universal gas constant, and the volume

of the gas, respectively. By substituting Equation (1.2) into Equation (1.3), the gas pressure
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change can be rewritten as

RAQ
AP = 1.4)
MVece,
Similarly, AQ can be replaced by Equation (1.1) and therefore, AP is updated as
kR 1
AP = — | I(t)dt (1.5)
MVe, V

Based on Equation (1.1)-(1.5), thermal energy stemming from the laser pulse is added to the
vapor at the beginning of each time step, then leading to the variation of vapor temperature,
vapor volume, and vapor pressure. At the end of the time step, the vapor volumes vary from
the initial value V; to V4 ;. Accordingly, the vapor pressure is also updated from P; to P;ay,
given by

v, \o
Vt+At)

Pt+At=Pt( (1.6)

where c,, is the specific heat at constant pressure. Combining Equation (1.5) and (1.6), the

final expression of the blister vapor pressure is given by

Vt % 1 t+At
Pipr=P ( ) + —f I(t)dz. (1.7)
A=) T,

Here, 1 = kR/Mc,. For simplicity, 7 is assumed to be a static value as a function of laser fluence.
After the laser pulse, the second term in Equation (1.7) will be zero, and the expression evolves

into adiabatic expansion.

The authors utilized the finite-element analysis (FEA) method to simulate PI blister formation
and employed PI film with two different thicknesses to verify their model experimentally, and

the results are summarized in Figure 1.8 177,

1. Asthe increase of the laser fluence, the PI blister size also increases for both thicknesses.
For example, when the PI thickness is 7 um, the blister height increases from approxi-
mately 5 um to 26 um when the laser fluence increases from 1.85 J/cm? to 4.75 J/cm?.

Accordingly, the conversion efficiency changes from 4.3% to 16.4%.

2. Ifthe laser fluence is unchanged, thicker PI film results in smaller blister height because
it is more resistant to plastic deformation. For example, when the laser fluence is 1.85

J/cm?, the blister height corresponding to 7 um-thick PI is 6 um while the other is 11 um.

Another group took one step further and analyzed the modeling in the presence of microde-

vices to be transferred (1741,
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Figure 1.8: Theoretical and experimental analysis of PI blister formation. (a). Profile compar-
ison between experiments conducted on a 7-pm PI film and the corresponding simulation. (b).
Profile comparison between experiments conducted on a 3-pum PI film and the corresponding
simulation. (c). Scanning electron microscopy (SEM) image of the one blister created by a
laser fluence of 2.59 J/cm? [177].

In their model, they divided the LIFT process into two dynamic coupling steps: (a) laser eject-
ing needle formation and (b) ultrathin chip peeling [!7> 1871881 The results are summarized
in Figure 1.9.

Based on their modeling, three important conclusions can be drawn:

1. Laser fluence (laser energy) has a significant influence on the LIFT process and the final
transfer result. If the laser fluence is too low, LIFT may fail to peel the microdevices away from
the PI layer, whereas high laser fluence can produce a more giant PI blister (laser-ejecting
needle). This leads to either chip cracking (transfer with no damage) or local breakage of the

chip (transfer with damage).

2. Aspect ratio (length-to-thickness) of the microdevices makes a massive contribution to
the successful transfer of microdevices. If the ratio is too large (meaning a device has a larger
length compared to its thickness), the device is then highly likely to be damaged because of
impact fracture caused by the fast-expanding laser-ejecting needle. When the ratio decreases
to a reasonable value, the impact fracture becomes less significant, and device cracking will
dominate, which enables the successful transfer of microdevice with minimized damage.

3. The laser fluence, in conjunction with the length-thickness ratio, is two critical parameters

determining whether the LIFT process can achieve successful transfer. By optimizing both, a
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Figure 1.9: Simulation of the transfer of microchips. (a). lllustration of the two-step processes:
laser ejecting needle formation and ultrathin chip peeling. (b). One simulation result presents
the delamination process of the chip from the PI film after the laser shot [174].

transfer window can be defined, which provides us with a guide to extend to other possible

functional device transfers.

1.4 Aims and outline of the thesis

1.4.1 Aims

Although the aforementioned review lists plenty of microcomponent/microdevice transfers,
few transferred real functional devices. Many researchers utilize dummy samples, such as Si
die, Cu foil, etc., as proof-of-concept examples. Therefore, the first objective of the thesis is to
transfer microstructures that have functionality and prove their functionality after the transfer.
For functional microdevices, we choose the SU-8 microdisk as the proof-of-concept example

because of its mature fabrication approach 89-19! and its compatibility with other techniques
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for functionalization, such as stencil lithography technique 97290 Before transferring SU-
8-supported microdevices, the transfer of pure SU-8 microdisk is required to evaluate the
influence of different parameters and obtain the optimized parametric combination, which

can guide the transfer of the functional microdevices.

A series of parameters influence the transfer result of microcomponent (SU-8 in our case) by
LIFT. Here, I use simple sketches to depict the transfer process and list important parameters

that will be investigated in the thesis.

The SU-8 microdisk transfer starts with the laser-PI interaction. The laser ablates a part of the
PI film and produces entrapped vapors. In this process, most of the laser energy (Er), denoted
as E,p;, is used for laser ablation. After the laser ablation, the rest of the laser energy (E;) is
used for the vapor expansion. Depending on whether there is a SU-8 microdisk on the PI layer,

the vapor expansion can be categorized into two cases, as illustrated in Figure 1.10:

Rest of the laser

energy: E,
Case 1
Laser energy E, >
Laser Pl blister
Glass
L | Energy for volume Kinetic energy of
Pl Gase? expansion: E_, the SU-8: E,
= B
== - |
/ -
SU-8 Energy for Forward motion
pecligrof. E..., @ Ideal position

(@ Displacement
&) ) ®  ®Flipping
Receiver

Possible transfer result

Figure 1.10: Schematic illustrations of the LIFT process under two cases. Case 1: when
there is no SU-8 microdisk to transfer, the laser energy will be completely used for PI ablation
and PI blister volume expansion. Case 2: when transferring a SU-8 microdisk, the rest of the
laser energy (after laser ablation) will be used for PI blister volume expansion, SU-8 microdisk
peeling-off and SU-8 microdisk forward motion after separating from the donor substrate.

1. When there is no SU-8 microdisk, E, will be completely consumed by the PI blister volume

expansion.

2. When there is a SU-8 microdisk, the fast volume expansion of the PI blister exerts the
impulse to the SU-8 microdisk, assists the peel-off and completes the transfer of the SU-8
microdisk. In this case, E, will only be partially consumed by the PI blister volume expansion
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(Eyo1). In the meantime, the SU-8 microdisk will peel away from the donor substrate with the
assistance of the fast-expanding blister. In this process, a portion of the energy will be used for
the peeling-off (Epeer)- Finally, when the SU-8 microdisk separates from the donor substrate,
the kinetic energy (Ej) sustains its forward motion to the receiver. According to the law of
conservation of energy, E; = E;o; + Epeer + Ex. LIFT-related research has proven that given a
laser fluence and PI thickness (no SU-8 microdisk to transfer), E; has a fixed value. This means
the ratio between E, and E; is also a fixed value. For example, it is reported in one paper that
when the PI thickness is 7 um and the laser fluence reaches 3 J/cm?, the ratio is close to 10 %
(1771 'This value confirms that 90 % laser energy is used for the laser ablation of PI film and 10
% is used for the PI blister volume expansion.

As shown in the example 1771 for the successful transfer of SU-8 microdisk, the laser fluence
and PI thickness are the first two parameters that need to be investigated. Besides these two
parameters, the thickness of the SU-8 microdisk plays an important role because it determines
whether the SU-8 microdisk will be damaged during the peel-off process 7!, In addition, a
successful transfer also requires a high transfer precision, which is directly related to the gap
distance between the donor and receiver substrate 1551561601 and possible transfer results
are listed in Case 2 depending on different gap distances. Therefore, all these four parameters
will be systematically investigated. Last but not least, several parameters are worth probing to
complete the picture of the transfer process, such as calculating the PI blister vapor pressure
to obtain the work done by the volume expansion, determining the adhesion between the
PI and SU-8 microdisk to obtain the peel-off energy and calculating the kinetic energy of the

SU-8 microdisk by measuring its velocity via time-resolved imaging.

Table 1.2 summarizes the parameters that will be investigated in this thesis and several

parameters that require further investigation.

Besides the parametric study of the SU-8 microdisk transfer and SU-8-supported microdevices
transfer/characterization, investigating the transfer of microstructures with complex geome-
tries is of great interest because the reviewed examples have elementary geometries, such as
square shapes. The fragility of the microstructures is also a consideration when transferring
them. Taking the complexity and fragility of microstructures into account, the two-photon
lithography (TPL) fabricated microstructures are the best option to verify the transfer result.
TPL is an enabling technology to fabricate various microstructures/microdevices, and as far as
I know, no mature method has been widely explored and designed to transfer TPL-fabricated
microstructures/microdevices. Hence, LIFT emerges as a facile but effective approach to
transfer such prefabricated structures, and the transfer can be easily extended to realize the

massive transfer by using customized programming codes.

Therefore, the objectives of this thesis can be summarized below (Figure 1.11):
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Table 1.2: Parameters that influence the successful transfer of a SU-8 microdisk by PI-LIFT

Parameters investigated in this thesis Parameters to be investigated
Laser fluence PI blister vapor pressure
PI thickness Adhesion of the SU-8 microdisk
SU-8 microdisk thickness Kinetic energy of the SU-8 microdisk

Donor-to-receiver gap distance

Fabricated devices/structures:
Donor substrate —— Reisasesssseeoe o Pl blister 1. QR code

ey 2. Temperature sensor
Polyimide/Ti Iayer—I i ; 3. Microscaffold

E5E
EIE%.:
1 2 3

Figure 1.11: Objective of this thesis. As illustrated in the figure, this thesis aims to transfer
prefabricated microdevices and prove their post-transfer functionality. Transfers of complex
and fragile microstructures are also investigated.

1. Quantitatively investigate four variables, including laser fluence, PI thickness, SU-8
thickness and donor-to-receiver gap distance that influence the LIFT of SU-8 microdisks
and optimize these variables to achieve non-destructive transfer of SU-8 microdisks

with high transfer precision.

2. Perform LIFT demonstrations using SU-8-supported microdevices and assess the post-

transfer performance.

3. Extend the transfer to TPL-fabricated microstructures and prove the capability of LIFT
to guarantee the transfer of microstructures with complex geometry and fragility.

1.4.2 OQutline

The thesis is organized as follows:

1. Chapter 1 introduces the LIFT and its unique advantages as an AM technique. Sev-
eral LIFT variations, including MAPLE-DW, LDT, FF-LIFT, and DRL-LIFT, are briefly
mentioned. Then we summarize the LIFT applications in different fields, including
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electronics, biomaterials & cells, and 3D metallic structures. Furthermore, as one of the
unique applications enabled by LIFT, the state-of-the-art functional device transfer is
reviewed in detail, especially using PI as the DRL. Followed by the review is the introduc-
tion of the transfer mechanism of microcomponents by the PI-LIFT. Finally, we present

the aims and structure plan of this thesis.

. Chapter 2 discusses and analyzes four variables (laser fluence/laser energy, PI thickness,

SU-8 microdisk thickness and donor-to-receiver gap distance) that influence the transfer
result. The laser fluence experiment is conducted to determine whether the SU-8
microdisk can be transferred under certain laser fluence. Then the effect of the PI
thickness is probed to determine the optimal PI thickness for SU-8 microdisk transfer.
Based on a similar idea, the influence of SU-8 thickness is also investigated, and an
optimal thickness is obtained to achieve damage-free transfer of SU-8 microdisks. This
chapter is completed by further studying the influence of the donor-to-receiver gap

distance on the SU-8 microdisk transfer precision.

. In Chapter 3, various transfer examples using SU-8-supported microdevices/microstruc-

tures are demonstrated. SU-8-supported metal QR codes are transferred onto different
receivers, and the QR code readability after the transfer is verified. The second demon-
stration is the transfer of the SU-8-supported Pt temperature sensor with the subsequent
temperature coefficient characterization (TCR) 12012921 Furthermore, the large-scale
transfer of SU-8 microdisks using customized programming codes is presented. Finally,
we construct 3D structures using such microdisks as building blocks and explore the

transfer of SU-8 microdisks onto various non-planar surfaces.

. Chapter 4 presents transfers of TPL-fabricated microstructures. Several parameters,

such as the pore size of the microscaffolds, the TPL microscaffold size, and the sup-
porting layer, are thoroughly discussed. After the parametric study, we present the
first transfer demonstration of a T-shape microstructure into PDMS microchannels. A
subsequent transfer example of ink-loaded microscaffolds is further provided. Finally, a

7 x 7 microscaffold array is transferred onto a PDMS-coated 4-inch wafer.

. Chapter 5 summarizes all the works in this thesis and presents an outlook for future

plans to continue this project.



A LIFT of SU-8 Microdisks

Note: This chapter is adapted from the following manuscript with the permission of all co-
authors:

Z.Yang, G. Boero, R. Widmer, J. Michler and J. Brugger, "Laser-induced forward transfer of

SU-8 supported metallic microdevices", In preparation

My contribution: conceptualization, design, micro-fabrication, LIFT experiments, characteri-

zation, figures, and writing.

25



Chapter 2. LIFT of SU-8 Microdisks

2.1 Introduction

At the beginning of this chapter, the materials and methods are introduced. LIFT setup for the
transfer experiments and demonstrations is detailed. Then, the fabrication processes of the
SU-8 microdisks, micro-stencil wafer, SU-8 functional devices, and receivers are discussed. In
the end, the methods to characterize the transferred SU-8 microdisks and the PI blisters are
introduced.

This chapter is intended to thoroughly investigate LIFT parameters that influence the SU-8
microdisks transfer result. The dependency on laser fluence is first studied as one of the main
variables. The SU-8 microdisk transfer results are classified into two regimes based on the
magnitude of laser fluence, and the corresponding PI blister morphology is captured and

analyzed. In other literature 1176177

, the blister morphology has been studied in the absence
of the donor device, i.e., on the free surface of PI. In this thesis, PI blister morphology is
quantified and discussed in detail in both cases (in the presence/absence of SU-8 microdisks).
A significant difference in the PI morphology is observed in the results regarding the height

and volume of the blister.

The second parameter being investigated is the PI thickness. PI thicknesses ranging from 1 to
11 um are employed to determine its influence. The findings show that even thinner PI can
generate intact PI blisters without ruptures, whereas it is reported in other literature that such
blister ruptures are inevitable under high laser fluence. Following the PI thickness study, the
study on the SU-8 thickness is conducted. Four different SU-8 thicknesses are selected for the
transfer to sort out successful SU-8 microdisk transfer. It is demonstrated in the experiments
that as the diameter-to-thickness ratio of the SU-8 microdisk decreases, such a microdisk
can be transferred with its structural integrity well-maintained. At the end of the chapter, the
donor-to-receiver gap distance is analyzed to quantify the transfer precision on the receiver.
Four gaps allow the SU-8 microdisk transfer with varied transfer results. Slight transfer error,
lateral displacement, rotation and flipping of the transferred microdisks are observed.

Based on the analysis of the four variables, transfer parameters are optimized to transfer SU-8
microdisks with minor defects and high precision successfully. The proposed method paves
the way towards transferring functional microstructures/microdevices, and all these results
substantiate the practicability of large-scale transfer of microdevices.
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2.2 Materials and methods

2.2 Materials and methods

2.2.1 LIFT setup

LIFT of the functional SU-8 microdisks is achieved by using a pulsed laser (A: 355 nm, pulse
width: 1 ns). The laser beam is converged by a focusing lens to form a minimum laser spot
size of approximately 20 um. A motorized filter is employed to attenuate the laser intensity
and tune the laser energy from 1 to 10 pJ. In other words, the laser fluence varies from 0.32
J/cm? to 3.2 J/cm?. Two computer-controlled xy positioning stages serve as the platform to
control the movement of the donor system and the receiver substrate with a minimum step of

1 pm. The LIFT system is shown in Figure 2.1.

Figure 2.1: LIFT setup. The LIFT system consists of a laser, a receiver stage and a donor stage.

2.2.2 SU-8 donor preparation

SU-8 is a widely used epoxy-based negative photoresist. In this work, SU-8 is selected as the
material to prove the concept of LIFT experiments for the transfer of the functional device

owing to the following reasons:

1. SU-8 patterning is a mature microfabrication process to fabricate various microstruc-
tures [190-1931,

2. SU-8 microstructures have excellent mechanical and optical properties. SU-8 is also
compatible with other microfabrication processes, such as stencil lithography, to pattern

various functional materials on the SU-8 top surface.

3. SU-8 has been extensively used for microfluidics, MEMS, bioelectronics, lab-on-a-chip

C [190,191,194,195]

applications, et . This shows the potential of transferring such SU-8-

based microdevices for different applications.
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Chapter 2. LIFT of SU-8 Microdisks

The detailed SU-8 microdisk fabrication process is shown below:

Float glass wafers are first cleaned by O, plasma (1000 W for 7 mins). Then, glass wafers are
primed with a promoter VM-652/isopropanol (IPA) solution (1:200, volume ratio) to increase
the adhesion between the wafer and the polyimide (PI) layer. After the priming step, PI (PI
2611, HD Microsystems) is spin-coated on the pre-treated glass wafer to form PI thin film with
different thicknesses (from 1 to 11 um). After the PI coating, the wafers are soft-baked and
cured in the oven at 300 °C for 2h. A 5-nm-thick Ti is deposited on the PI film by sputtering
(Alliance-Concept DP 650). SU-8 (GM 1060, Gersteltec) is then directly spin-coated on the
as-fabricated PI/Ti film with thicknesses of 5, 10 and 20 pm. For a thicker SU-8 (50 pm),
another SU-8 (GM 1070, Gersteltec) is used. The SU-8 is soft-baked at 130 °C for 300 s. The
following step is UV exposure of the SU-8 with a predesigned mask by a mask aligner (MA6
Gen3). The UV-exposed SU-8 wafers are placed on the hotplate for post-exposure baking (PEB)
at the temperature of 85 °C. After the PEB process, SU-8 wafers are developed in propylene
glycol monomethyl ether acetate (PGMEA) and rinsed in IPA. The wafers with SU-8 microdisks

are dried by a nitrogen gun and are ready for later fabrication processes or LIFT experiments.

2.2.3 Stencil fabrication

A Si wafer (thin layer of 500-nm-thick silicon nitride (SiyNj) grown on both sides of the wafer
by low-pressure chemical vapor deposition (LPCVD)) is first coated with a 1-um-thick AZ
ECI 3007 photoresist (MicroChemicals GmbH) by an automatic coater (ACS200 Gen3, Siiss
MicroTec). Micro-apertures are defined on the photoresist by a direct laser writing system
(405 nm, MLA 150, Heidelberg Instruments). For the QR code (21 x 21 pixels), the defined
aperture size as one pixel on the SiyN, layer varies from 4 to 8 um. For the temperature sensor,
the defined line width of the meander structure is 1.5 um. After the resist exposure process,
the wafer is developed (AZ 726 MIE, MicroChemicals GmbH). The SiyN, is then etched by
a C4Fg/Hy/He atmosphere (SPTS APS). The residual photoresist is stripped by O, plasma
after the etching step. After defining the micro-apertures, a 5-pum-thick AZ 10XT photoresist
(MicroChemicals GmbH) is coated on the backside of the wafer, followed by the backside
opening exposure by the direct laser writing. After the development, the backside of the wafer
is etched in the SPTS tool with the same parameter mentioned above. The Si is dry-etched
from the backside using the Bosch process in SFg atmosphere (Alcatel AMS 200 SE) for 1 h.
Finally, the remaining Si is etched in a KOH bath (40 %, 14 h) to release the SiyN, membrane
at the front side of the wafer. The entire process flow and corresponding stencil images are
provided in Figure 2.2.
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Figure 2.2: Stencil fabrication. (a). Process flow of the stencil fabrication. The process starts
with patterning and etching the Si, Ny, thin film at the front side of the wafer to obtain desired
microstructures. Then the SiyN,, thin film on the backside of the wafer is etched to expose the
Si for Si dry-etching. Subsequently, the wafer is placed in a KOH bath for complete etching of
Si and releasing the Si,N, membrane at the front side of the wafer. (b). Photograph of one
stencil wafer after all the fabrication processes. (c-d). High-magnification images showing
one stencil array and one temperature sensor structure, respectively.

2.2.4 SU-8 functional device fabrication

The functional SU-8 microdevices are fabricated by combining conventional UV lithography
(SU-8 patterning) and stencil lithography (metal deposition). In this thesis, stencil lithography

is utilized instead of the lift-off process because of the following reasons:

1. SU-8 patterned surface is non-planar, making the photoresist spin-coating challenging
to achieve a layer with uniform thickness, which deteriorates the laser writing quality.
Specifically, in our case, the patterned SU-8 microdisks have a thickness of 50 um. This
makes laser writing extremely difficult when conducting the lift-off process with the

conventional spin-coating process.
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Chapter 2. LIFT of SU-8 Microdisks

2. Stencil lithography is a mature process (using SixNy as the membrane layer), and it
has been used as a mask for material deposition, etching, and implantation 197199,
Previous research works have demonstrated the capability of stencil lithography to

pattern metal structures on a surface with a large topographical variation 1200,

3. The method can be extended to deposit other functional materials besides typical
metals. The solvent-free process makes it compatible with chemical-sensitive or solvent-

sensitive materials.

Cross-section

view
1 2 3
Spin-coat polyimide Spin-coat thick SU-8 Expose and post
and sputter Ti and soft bake exposure bake
W
4 5 6
Develop SU-8 Deposit thin-film Remove stencil
metal with stencil
Glass wafer [l Polyimide (5 pm) [l SU-8 before UV exposure (50 pm)
M Ti(5nm) Il Cr/Au SU-8 after UV exposure

Figure 2.3: Fabrication process of metal patterned SU-8 microdisks. Schematic illustration
of the detailed process flow, including polyimide coating and Ti sputtering, SU-8 coating and
soft baking, SU-8 exposure and post-exposure baking, SU-8 development and thin-film metal
deposition through apertures on a stencil wafer.

The fabrication of functional SU-8-supported microdevices begins with aligning the as-
fabricated SU-8 microdisks wafer with the micro-stencil wafer by a mask aligner (Siiss Mi-
croTec MA6/BA6). The two wafers are brought to close contact (no gap) with a customized
chuck to avoid possible blurring effects in the evaporation step. The front side of the stencil
wafer is in contact with the SU-8 microdisks. After the alignment, the two wafers are clamped
and the customized chuck is assembled into an evaporator (Leybold Optics LAB 600H), where
thin layers of Cr/Au (5/50 nm) for metallic numbers are deposited on targeted SU-8 microdisks.

The entire process is shown in Figure 2.3. and the metallic number patterned SU-8 microdisk
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2.3 Results and discussion

example is provided in appendix Figure A.1. Other SU-8-supported microdevices will be
discussed in Chapter 3.

2.2.5 Receiver substrate preparation

PDMS receiver is prepared by mixing the base and the curing agent (Syrgard 184) with a mass
ratio of 10:1. The mixture is then degassed in a vacuum desiccator and poured into a petri-dish,
followed by a thermal curing process (80 °C for 2 h). After the curing, the PDMS is cut into

desired size and shape as the receiver.

2.2.6 Scanning electron microscopy (SEM) of the transferred SU-8 microdisks

Before the SEM, SU-8 microdisks samples are first sputtered (Alliance-Concept DP 650) with a
thin layer of gold (Au, 10 nm) to avoid the charging effect during the imaging process. SU-8
samples are then assembled on the holder and transferred into the SEM (Zeiss MERLIN)
chamber. The acceleration voltage is set to be 3 kV. Two tilted angles are set to take SEM

images: 0° and 45 °.

2.2.7 Optical profilometer measurement of the polyimide (PI) blister morphology

Before performing the surface profile measurements of PI blisters, a thin layer of Au (30 nm)
is coated on the blister samples to increase the reflection from the top surface. Then the
measurements (Bruker Contour X-200) are performed using vertical shift interference (VSI)
mode. After collecting the data, the leveling of the data is done by the "Plane Fit" operation in

the software (Vision64).

2.3 Results and discussion

2.3.1 Influence of laser fluence

Laser fluence (laser energy) is one of the most critical parameters that affect the LIFT process.
Much research has revealed that insufficient laser fluence fails to transfer/print donor materi-
als, and excessive laser fluence may negatively influence the transferred materials/devices,
such as contamination from the ruptured blister to the donor material °?, Therefore, in the
experiments, the influence of laser fluence is studied in the first place. Six magnitudes of laser
fluences ranging from 0.32 to 3.2 J/cm? (laser energy from 1 to 10 pJ) are employed to transfer
SU-8 microdisks with dimensions of 100 um (diameter) x 50 um (thickness). In order to ensure

the repeatability of experiments, 10 SU-8 microdisks are tested under each laser fluence. For
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Chapter 2. LIFT of SU-8 Microdisks

each microdisk, multiple laser shots are applied if a single laser shot cannot trigger the transfer.
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Figure 2.4: Influence of laser fluence on the SU-8 transfer result. Transfers of SU-8 microdisks
as a function of laser fluence. The vertical value in the plot represents the averaged laser shots
needed to transfer one SU-8 microdisk. For each laser fluence, 10 SU-8 microdisks are tested
to ensure repeatability.

Figure 2.4 summarizes the experimental results. The results are categorized into two regimes:
no transfer and transfer regime, as indicated by the red and blue background colors. When the
laser fluence is too low (e.g., 0.32]/ cm?), even multiple shots cannot trigger the transfer. The
image displayed in appendix Figure A.2 confirms this result, where the SU-8 microdisk still
stays on the donor with a damaged area in the center, and there are no transferred microdisks
on the corresponding PDMS receiver. This phenomenon can be explained by the fact that
0.32 J/cm? is below the transfer threshold. The results from other research also support the
findings that insufficient laser fluence might fail to form a large blister, and the blister cannot
have enough impulse to transfer materials/devices 18!, As the laser fluence increases, the
transfer result shifts into the transfer regime. When the laser fluence is lower (i.e., 0.96 and
1.6 J/cm?), multiple laser pulses are required for a successful transfer, whereas with higher
laser fluence, only one laser pulse is used to trigger the transfer. Three images in Figure 2.5
present the transfer results under 0.96, 1.6, and 2.56 J/cm?, respectively. We observe that
the microdisks have been transferred from the donor to the corresponding PDMS receiver.

It should be noted that multiple laser shots may damage the SU-8 microdisk, as shown in
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2.3 Results and discussion

Figure 2.5a with corresponding laser fluence of 0.96 J/cm?. In Figure 2.5¢, no evident surface
damage is observed when the laser fluence increases to 2.56 J/cm?. The transfer results prove
that although multiple laser shots with lower energy guarantee the successful transfer of SU-8

microdisks, such laser conditions are less favorable to realizing damage-free transfer.
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Figure 2.5: Representative images presenting transferred SU-8 microdisks under three laser
fluences. (a-c). Transfer result of ten SU-8 microdisks under each laser fluence with different
laser shots. In a, obvious defects on the microdisks are observed due to the multiple laser
shots.

In appendix Figure A.2, it can be seen that the SU-8 center part is damaged by the laser
pulse. Such damage is caused by the formation and evolution of the PI blister. To further
investigate the influence of PI blister, the blister morphology is characterized by SEM. Figure
2.6a shows the tilted SEM image of 10 PI blisters created by 0.96 J/ cm? (4 to 6 laser shots).
Clearly shown in the image is that the thickness of such blisters is much smaller than the
thickness of the SU-8 structure patterned on the donor substrate (50-um-thick). A close-up
micrograph (Figure 2.6b) shows one magnified PI blister (indicated by the dashed rectangle in
Figure 2.6a) and demonstrates that the PI blister forms in the center, where the outer trace
indicates the existence of the SU-8 microdisk before transfer. The central part of the blister
is more identifiable because of the nature of the Gaussian laser beam. Besides the PI blister,
SU-8 residues are found on the donor substrates, which further confirms the finding in Figure
2.5a. In order to yield essential information about the PI blister profile, optical profilometer
characterization is employed to generate the blister contour graph, as displayed in Figure 2.6c.
From the legend, it can be observed that the maximum height of the blister is 1.8 pum, whereas
the SU-8 residue has a larger value. In Figure 2.6d, we plot the blister’s cross-sectional profile
by extracting the data orthogonally (both in X and Y direction), as indicated by the arrows in
Figure 2.6c¢ (this applies to all the blister profiles shown later). The solid and dashed lines
denote the blister profiles in the X and Y direction. As shown in the plot, the blister profile
is located in the center, while in the outer region, two peaks are found. These two peaks are
attributable to the SU-8 residues, which can also be confirmed by the green and red areas

shown in the contour map.
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Figure 2.6: PI blister created by 0.96 J/cm? laser fluence. (a). SEM image of ten blisters after
the transfer process. (b). Magnified SEM image of one blister in (a). (c). Contour map of the PI
blister. The X and Y arrows indicate the scanning directions when extracting data to plot the
blister’s cross-sectional profiles. (d). The cross-sectional profile of the PI blister.

Apart from the analysis presented in Figure 2.6, appendix Figure A.3 to A.6 display repre-
sentative blister characterization results corresponding to laser fluence of 1.6, 1.92, 2.56 and
3.2 J/cm?, respectively. The magnified PI blisters under different laser fluence conditions
are then shown in Figure 2.7 for direct comparison. As laser fluence increases, the blister
height increases accordingly. Meanwhile, the amount of SU-8 residues on the donor substrate
decreases dramatically. Different from the cross-section profile shown in Figure 2.6d, only
blister peaks are found in the cross-sectional profiles when the laser fluence exceeds 0.96

J/cm? (from appendix Figure A.3d to A.6d).

With all the profiles obtained, we summarize them in Figure 2.8a. For better comparison, the
blister profiles on the Y-direction are removed because a cylindrical symmetry is observed. It

can be seen that as laser fluence is increased, the blister height increases monotonically.

In order to further quantify the blister height, we average the height value of 10 blisters under
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Figure 2.7: Direct comparison of five different PI blisters under different laser fluence
conditions. (a-e). SEM images of magnified PI blisters when the laser fluence increases from
0.96 to 3.2 J/cm?. Blisters are more evident as the increase of laser fluence.

each laser fluence, as shown in each SEM image from appendix Figure A.3a to A.6a. The blister
height with an error bar is plotted in Figure 2.8b in black. The blister height varies from 1.9 to
3.5 um. To present a complete picture of the blister, their widths under each laser fluence are
summarized in Figure 2.8b as well. Distinct from the monotonic increase in the blister height,
an abrupt drop of the blister width from 67 pm (1.6 J/cm?, 2 shots) to 55 pm (1.92 J/cm?, 1
shot) is found. This can be explained by the fact that the total energy delivered to the PI layer
to trigger SU-8 microdisk transfer is 3.2 J/cm? when using a 1.6 J/cm? laser pulse. Although
the blister height is slightly smaller, more laser fluence is absorbed to facilitate the ablation of
the PI film and consequently enhance the delamination of the PI film from the glass substrate.
Therefore, the blister width expands to have a larger value. To compare the blister width under
0.96, 1.6, and 1.92 J/cm?, we sort out their blister profiles (in the X-direction), as shown in
Figure 2.8c. Despite that the profile in blue color (1.92 J/cm?) has the highest peak, its waist
and bottom parts are comparatively narrower than those in purple (1.6 J/cm?) and green color
(0.96 J/cm?). The zoom-in plot shows the difference in the blister profiles. This difference is
also confirmed by comparing the SEM images shown in Figure 2.7a-c. The top parts of the
PI blister in Figure 2.8a-b are smaller than that in Figure 2.8c because their waist parts are
broader and flatter. Even if the area for two blisters (0.96 and 1.92 J/cm?) looks similar, the
blister volume may differ greatly considering the position of such differences. The blister’s

upper part produces less volume than the lower part.
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Figure 2.8: PI blister profile summary. (a). Summary of all the five types of PI blister created
by different laser fluences. (a) only presents the results in the X-direction, considering the
symmetric nature of the blister. (b). Blister height and blister width summary. (c). Blister pro-
file comparison among three different laser fluences: 0.96, 1.6, and 1.92 J/cm?. (d). Lorentzian
fitting of one blister profile (3.2 J/cm?).

As introduced in Chapter 1, the volume expansion of the entrapped hot gases leads to the
formation of the blister. For the purpose of comparing the final blister volume among a
series of blisters, we fit the blister profiles using the single-peak fit to simplify the calculation
process. Displayed in Figure 2.8d is one fitting example with the laser fluence of 3.2 J/cm?.

The corresponding formula of the fitting is represented as:

+(2><A) w
= X
y=» T 4 x (x—xc)2+ w?

(2.1)

where y, o, A, w, X, and x, denote the y coordinate, offset, area, full width at half maximum
(FWHM) of the blister profile, x coordinate of the blister, and the central position of the blister

peak, respectively. The red dashed curve represents the Lorentzian fitting, and the R? value of
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this fitting is as high as 98.6 %. After the fitting, the blister volume is obtained by integrating the
blister profile using the following equation (detailed calculation steps and codes are provided
in appendix Figure A.7):

0 b
V=n><(|f x><ydx|+|f x x ydx|) 2.2)
a 0

where V, a, and b represent the blister volume and the left and right border of the blister,
respectively. For instance, the corresponding value of yy, A, w, and x, for 10 pJ laser created
blister is -0.08, 88.4, 17.1, and -1.0, respectively. Then the final volume of this blister is
calculated to be 1870 pm?3.

To examine the accuracy of the calculation, volume statistics provided by the software (Vi-
sion6.4, Bruker) are used as a reference. Here, the blister volume from the software is 1979
um3. This discrepancy between the two volumes partially results from the fitting. SU-8 residue
left on the donor substrate is another factor that causes such a difference. As displayed in
the SEM image (Figure A.6b), as well as the contour map, a tiny portion of SU-8 (bottom-left
in the image) contributes to the final volume. This phenomenon is more prominent when
the laser fluence decreases and multiple laser pulses are needed for transfer, e.g., Figure 2.6c.
Therefore, the volume calculation from the blister fitting is of great significance to quantifying
the blister and removing the influence of the SU-8 residues. In this case, the fitting curve is in
good agreement with the blister profile, and the calculated volume from the fitting reasonably

reflects the actual blister volume.

Similar to the PI blister height trend in Figure 2.8b, the calculated blister value drops from
1610 um? (2.56 J/cm?) to 1180 um? (1.92 J/cm?). An interesting finding is that in the case of less
laser fluence (0.96 and 1.6 J/cm?), the calculated values (1635 pm3 for 1.6 J/cm? and 1606 pms
for 0.96 J/cm?) are larger than the one created by 2.56 J/cm? laser pulse and are comparable
with the blister created by 2.56 and 3.2 J/cm?. Such a finding substantiates the previous claim
that multiple laser pulses with lower energy can expand the blister’s bottom part, thus causing
an increase in the blister volume. In both cases (1.6 J/cm? & 2 shots; 0.96 J/cm? & 4 shots), the

total laser fluence is higher than 1.92 J/cm?.

Table 2.1 summarizes all the transfer results of SU-8 microdisks and the corresponding blister
heights & volumes. From all the data shown in Figure 2.8 and Table 2.1, we find that the
maximum blister height is close to 3.5 pm, which is much smaller compared with the results
in other literature 176177 For example, in one research (1771 4 laser with a beam diameter
of 21 ym was used for experiments, and the measured blister height varies from 10 to 20 um
and the blister width from 50 to 80 um. In our case, the laser beam size is similar, around
20 pm. Although the final width of the blisters is comparable with the counterparts in that

research, the value of the final height is much lower. The significant reduction of blister height
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Table 2.1: Summary of the transfer result of SU-8 microdisks and the corresponding blisters
created on 5 pm thick PI

Laser parameter Transfer result Blister result Blister height Blister volume
0.32 J/cm? & > 30 shots No transfer No blister N.A. N.A
0.96 J/cm? & 4-6 shots Transfer Intact blister 1.9 um 1635 um°®
1.6 J/cm? & 2 shots Transfer Intact blister 2.6 pm 1606 um°®
1.92J/cm? & 1 shot Transfer Intact blister 2.8 um 1180 um®
2.56 J/cm? & 1 shot Transfer Intact blister 3.3 um 1610 pm?3
3.2J/cm? & 1 shot Transfer Intact blister 3.5 um 1870 pm?®

N.A. in the table means that PI blister height and volume cannot be calculated.

can be tentatively ascribed to the existence of the SU-8 microdisk. After the laser ablation of
PI film, much of the rest energy (for PI blister volume expansion) is consumed by the SU-8
peeling process, as well as converted into the kinetic energy of the SU-8 microdisk to sustain
its forward motion after the separation from the donor substrate.

To assess the difference between blister profiles in the presence/absence of the SU-8 microdisk,
we shine laser pulses on the free surface of the PI/Ti film and measure the blister profiles. Here
the influence of the Ti film can be reasonably ignored because the thickness of the PI layer is
three orders of magnitude larger than the Ti thickness (5 nm). The laser parameter employed

here is the same as the experiments shown in Figure 2.4.

The corresponding results are presented in Figure 2.9 and appendix Figure A.8 to A.11. The
first finding is that the blister corresponding to 0.96 J/cm? laser fluence is more evidently
shown in SEM images (Figure 2.9a-b). The blister height is then quantified in Figure 2.9c-d
as 10 um, which is a five-fold increase compared with the counterpart (1.8 pm) formed in
the presence of the SU-8 microdisk. When the laser fluence is beyond 0.96 J/ cm?, PI blister
rupture happens. The SEM image (appendix Figure A.8a-b) demonstrates that the blister top
breaks after the laser shot. The rupture formation has been discussed by one group as a result
of the excessive laser fluence ['””). Owing to the presence of the rupture, the discontinuity
of the blister profiles at the peak region is measured in the contour maps (appendix Figure
A.8c-A.11c¢).

Nevertheless, we can observe that the maximum height of the PI blister is close to 14 um when
the laser fluence is 3.2 J/cm?, which is four times higher than the case with the SU-8 microdisk
(appendix Figure A.6). The measured blister height is also comparable with those in literature
[176,177] " Similar to the Figure 2.7, all the SEM images corresponding to these five types of
blisters are summarized in Figure 2.10. It can be observed that in the absence of the SU-8

microdisks, the blister size is much larger than those displayed in Figure 2.7.

After the direct comparison, all five types of blister profiles (created on the free surface of PI)
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Figure 2.9: Blisters created by 0.96 J/ cm? laser fluence (4 shots) on the free surface of PI. (a).
SEM image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour
map of the PI blister. (d). Cross-section profile of the PI blister.

are plotted into one figure, as shown in Figure 2.11a. A finding in the plot is that in the center
of the blister, a height value of approximately -5 um appears in the curve (when blister rupture
happens). This corresponds to detecting the substrate surface underneath the 5-pum-thick
PI film. Similar phenomena are also found in the SEM images when reducing laser fluence
to 2.56, 1.92, and 1.6 J/cm?, but the rupture size decreases. One research has investigated
the formation of ruptured PI blisters due to high laser fluence 77, Under high laser fluence,
the entrapped high-pressure gas causes high plastic deformation at the top of the blister.
The significant plastic deformation creates overstrained region and leads to crack formation
and propagation on the top, thus producing volcano-like fracture geometry. This further
substantiates the assumption that in the presence of the SU-8 microdisk, no ruptured blister is
observed because much of the remaining energy (after laser ablation of PI film) is consumed
to assist the separation of the SU-8 microdisk from the donor substrate. However, when the

SU-8 microdisk is absent, the entire remaining energy is consumed by the blister volume
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Figure 2.10: Direct comparison of five different PI blisters under different laser fluence
conditions on the free surface of PI. (a-e). SEM image of magnified PI blisters when the
laser fluence increases from 0.96 to 3.2 J/cm?. Blister rupture happens when the laser fluence
exceeds 1.92 J/cm?.

expansion and blister rupture processes.

As shown in Figure 2.4, for 0.32]/ cm? laser pulse, even multiple laser shots cannot transfer
SU-8 microdisks. Such laser shots damage only the centric part of SU-8. To complete the
laser fluence experiments on the free surface of PI with all the available laser fluences in the
LIFT system, tests with 0.96 J/ cm? & 1 shot, 0.32 J/cm? & 1 shot, and 0.32 J/cm? & 10 shots are
performed as well. The results are shown from appendix Figure A.12 to A.14. When comparing
the results between Figure 2.9 and appendix Figure A.12, it can be observed that their height
difference is not as evident as their width difference. SEM images in Figure 2.9 shows that
the blister is widened after 4 laser shots, compared with the blister in appendix Figure A.12
created by 1 laser pulse. Similar results are presented in appendix Figure A.13 and A.14, where
single and 10 laser shots are used to create PI blisters. The blister heights corresponding to
0.32J/cm? & 1 shot and 0.32 J/cm? & 10 shots are approximately 3.2 and 2.5 um, respectively.
Because of the widening effect created by multiple laser shots, the blister created by 0.32 J/cm?
& 10 shots looks like being formed on a bumped PI surface. To summarize the experiments, all
the blister profiles corresponding to 0.32 and 0.96 J/cm? are merged and re-plotted in (Figure
2.11b) to compare the blister size directly. On the whole, these experimental results further
validate the previous hypothesis that multiple laser shots lead to a blister with larger bottom

and waist parts, both in the presence/absence of SU-8 microdisks. And the non-linear increase
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in the blister height can be tentatively explained by several reasons.
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Figure 2.11: PI blister profile summary created on PI free surface. (a). Summary of all the five
types of PI blister created by different laser fluences on PI free surface. (a) only presents the
results in the X-direction, considering the symmetric nature of the blister. (b). Blister profile
comparison under four different cases: 0.96 J/cm? & 4 shots, 0.96 J/cm? & 1 shot, 0.32 J/cm?
& 10 shots, and 0.32 J/cm? & 1 shot. (c). Gaussian fitting of one blister profile (0.96 J/cm?, 4
shots). (d). Blister profile (0.96 J/cm?, 4 shots) comparison with/without the presence of SU-8
microdisk.

In Figure 2.12, the PI blister formation process is divided into multiple steps since, in total, four
laser pluses with the fluence of 0.96 J/cm? are used to trigger the blister expansion. After the
first laser shot, a blister with a height of approximately 8 um is formed, as displayed in Figure
2.11a. This means that the PI blister will delaminate from the glass substrate surface. When the
second laser pulse arrives at the substrate surface (after 1 s), the laser-PI interaction is unlike
the first laser pulse and only a portion of the PI film that still adheres to the glass substrate
will be ablated. In the meantime, after the first laser ablation, laser-induced carbonization
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Chapter 2. LIFT of SU-8 Microdisks

happens, and such carbonaceous materials (on the PI blister, shown in the inset of Figure 2.12)
have a higher ablation threshold than PI [18186] This will suppress the further ablation of the
PI blister (not like the first laser pulse). All these phenomena give rise to less volume expansion
of the PI blister starting from the second laser pulse. Therefore, a non-linear increase in the
blister height after the first and the fourth laser shot can be observed.

a b

1stlaserpulse e 4th laser pulse

¥
T Laser-induced =
Blister height: 8 um carbonaceous materials Blister height: 10 ym

Figure 2.12: Simple sketches showing the increase of blister height under different laser
pulses. (a-b). The two sketches correspond to the blister formation when the laser condition
is 0.96 J/cm? and 1&4 shots (each laser shot is triggered after 1 s of the previous laser shot)
without the SU-8 microdisk. The black area in the inset represents the carbonaceous materials
formed on the PI blister after the laser ablation.

Table 2.2 summarizes the blister results created on the free surface of PI by different laser
fluences. It can be concluded that when the laser fluence drops to 0.96 and 0.32 J/cm?, fully
intact PI blisters are formed without a rupture at the peak. However, the discontinuity in the
curve corresponding to 0.96 J/ cm? (Figure 2.11b) is found, and we re-plot the blister profile
(0.96 J/cm? & 4 shots) in Figure 2.11c. Different from the curves corresponding to higher laser
fluence, in this case, discontinuity happens not at the top but at the waist part of the blister.
The SEM image in Figure 2.9a-b proves that no rupture occurs at the waist part of the blister.
The possible reason is insufficient data collected during the optical profilometer measurement
process. Nevertheless, the profile in Figure 2.11c can be fitted by single-peak fitting using a
Gaussian peak with an R? value of 99.3 %, and a fitting formula is expressed as follows:

A (=4xIn(2)x (x—xc)?)

y=Yo+ ——————=xe w? (2.3)

T
WX/ =xin@

where y, yo, A, w, X, and x, represent the y coordinate, offset, area, width, x coordinate of the
blister, and central position of the blister peak, respectively. One set of values is extracted
from the fitting and shown in Figure 2.11c. After the profile fitting, the volume of the blister
is obtained by the same integration method presented in Equation (2.2). The calculated
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Table 2.2: Summary of blisters created on the free surface of PI (5 pm thick) by different
laser fluence

laser fluence Laser shots Blister result

0.32J/cm? 10 Intact blister
0.96 J/cm? 4 Intact blister
1.6J/cm? 2 Ruptured blister
1.92J/cm? 1 Ruptured blister
2.56 J/cm? 1 Ruptured blister
3.2J/cm? 1 Ruptured blister

value is 6145 pmS, while the reference value from the software is 5438 pm3 (the calculation
step is provided in appendix Figure A.15). The discrepancy between the two values can
be well-explained by the dark area in the contour map, which indicates no collected data.
Consequently, less blister volume is obtained from the software. Compared with the blister
volume of 1606 um? created by 0.96 J/cm? & 4 shots in the presence of SU-8 microdisk, the
volume of PI blister created on the free surface is almost three times larger. Figure 2.11d,
together with the corresponding SEM images in Figure 2.13), also confirms the huge difference
in blister profiles with and without the SU-8 microdisk using the same laser parameters. Such a
considerable difference in blister size further underpins that the existence of SU-8 suppresses
the volume expansion of the blister, and much of the remaining laser energy (after laser
ablation) is consumed by the peeling process of the SU-8 from the donor substrate and the

ensuing kinetic energy of the SU-8 microdisk.

a b
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0.96 J/cm?_4 shots_with SU-8 0.96 J/cm?_4 shots_without SU-8

Figure 2.13: PI blister comparison with and without the SU-8 microdisk. (a). A PI blister
formed with the existence of SU-8. (b). A PI blister formed on the free surface of the PI film.

In this section, we analyze the influence of laser fluence on the SU-8 microdisk transfer and
the corresponding blister profiles. Figure 2.14 summarizes three different cases. When the

SU-8 s present, laser fluence 1 (e.g., 0.96 J/cm? & 4 shots) leads to the generation of a PI blister
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Figure 2.14: PI blister profile summary under three situations. (a). A PI blister formed with
the existence of the SU-8 microdisk. (b). A PI blister formed on the free surface. The energy is
the same as in (a). (c). A PI blister formed on the free surface. The laser fluence is higher than
that in (c).

with a small size (Figure 2.14a). When the SU-8 microdisk is absent, the PI blister created by
the same laser parameter utilized in Figure 2.14a has a much larger size. If the laser fluence is

higher than the laser fluence 1, blister rupture happens, as shown in Figure 2.14c.

Also, it is worth mentioning that because the laser spot size in the LIFT setup is a fixed value (20
pm), the corresponding PI blister size is limited by this dimension, as shown in the summary
of the blister profiles. The largest blister width is no greater than 70 um and this value also
limits the SU-8 microdisk size that can be transferred by the LIFT setup. This is why we choose
the SU-8 microdisk with a diameter of 100 um for the transfer. In addition, it motivates us
to overcome this laser spot size limitation and transfer larger microstructures, which will be

elaborated on in Chapter 4.

2.3.2 Influence of PI thickness

The laser fluence study in the previous section proves that in the presence of a SU-8 microdisk,
the PI blister has a much smaller size, and no rupture of the PI layer happens. In Chapter
1, it has been discussed that in order to transfer thermal-sensitive devices or to avoid con-
tamination, PI rupture should be completely avoided. This blister size reduction analyzed in
the previous section is a good sign of fulfilling such a purpose. Based on these results, the PI
thickness can be further decreased to realize more efficient laser fluence conversion (from

laser fluence to the kinetic energy of SU-8 microdisk) without concerning the blister rupture.

In this section, we prepare PI thin films with different thicknesses while keeping the SU-8
parameters unchanged. We investigate the transfer of SU-8 microdisks and PI blister formation

under different thicknesses.
PI samples with various thicknesses (1, 3, 7, 9, and 11 pum) are prepared following the same
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process as the preparation for 5-um-thick PI. In order to ensure that even with the thickest PI
film, the LIFT system can trigger successful transfer, we utilize the maximum laser fluence
of 3.2 J/cm? for all the experiments in this section. Ten SU-8 microdisks are transferred onto
the PDMS receiver to guarantee the repeatability of experiments for each thickness. After the
transfer, PI blisters are characterized by SEM and the optical profilometer, respectively.

Figure 2.15 and appendix Figure A.16 to A.19 summarize the characterization results of the
blisters created on 1, 3, 7,9, and 11 pm thick PI in the presence of SU-8 microdisks, respectively.
Figure 2.15 show that the blisters are much larger than those displayed in appendix Figure
A.6a-b when the PI thickness is 5 um. Another stark difference between these two experimental
results is that a rupture on the blister top can be observed in Figure 2.15. This phenomenon
can be well explained by the fact that thinner PI film can be more easily ablated by a laser
pulse, especially considering the PI thickness is only 1 um while the absorption depth is close
t0 0.5 um 1731,

a b
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Figure 2.15: PI blister created by 3.2 J/cm? laser fluence on a 1-pm-thick PI film. (a). SEM
image presenting the ten blisters. (b). Magnified SEM image of one blister.

Since 3.2 J/cm? exceeds the threshold to lead to blister rupture on 1-pum-thick PI, we decrease
the laser fluence to 0.96 J/cm? and check the result. As shown in appendix Figure A.16, the
phenomenon of blister rupture is observed as well. The difference lies in the size of the blister.
Compared with the result displayed in Figure 2.15b, the blister size in appendix Figure A.16 is
smaller, which can be reasonably attributed to lower laser fluence. Raising the laser fluence
results in more PI ablated and greater energy stored in the blister. Such energy will finally be
dissipated in the PI film delamination and SU-8 microdisk transfer processes. Therefore, a
larger dimension of the blister (height and width) is seen. As introduced in Chapter 1, PI blister
rupture may release hot gases, which is detrimental to heat-sensitive donor material/device.
In the meantime, hot gases may carry debris from the PI film, which can contaminate the SU-8

microdisk. The debris is distributed around the blister after the transfer, as shown in Figure
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Figure 2.16: PI blister created by 3.2 J/cm? laser fluence on a 3-um-thick PI film. (a). SEM
image presenting the ten blisters. (b). Magnified SEM image of one blister. (c). Contour map
of the PI blister. (d). Cross-section profile of the PI blister.

2.15b. On the contrary, such debris is absent in Figure appendix A.6b. This result proves
that although 1 pm thick PI film guarantees successful transfer of the SU-8 microdisk, even
at a lower energy (0.96 J/cm?), the side effect originating from the byproduct contamination

precludes the possibility of considering it an ideal thickness for the SU-8 microdisk transfer.

As we continue increasing the PI thickness and conduct the transfer experiments under
constant laser fluence (3.2 J/cm?), such blisters become less and less visible in SEM images. By
directly comparing blisters created on different thick PI films (Figure 2.17), we can conclude
that blisters are almost invisible when PI thicknesses reach 9 and 11 pum. This blister height
decreasing trend is prominently presented in Figure 2.16d and from appendix Figure A.17d
to appendix Figure A.19d. In all these cross-sectional profiles, the scale range on the y-axis
is unchanged (8 um). Therefore, an obvious decline in blister height as the increase of the
PI thickness is observed. This trend can be attributable to the mechanical resistance of the

thicker PI film to the laser pulse. With fixed laser fluence, the thicker PI film is more resistant
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to the impulse of the laser because it has a larger flexural rigidity [!”® and a relatively larger
portion of the PI film is uninfluenced by the laser.
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Figure 2.17: Direct comparison of six PI blisters created on PI films with different thicknesses.
(a-f). SEM image of magnified PI blisters when the PI thickness increases from 1 to 11 pum.
Blisters are less evident as the increase of PI thickness.

After the characterization, all the blisters’ profiles are plotted in Figure 2.18a. As the increase
of the PI thickness, the blister height drops dramatically. When the PI thickness reaches 11 pm,
the blister height is only 0.3 pm. Then, the blister height data is extracted from Figure 2.18a
and re-plotted in Figure 2.18b. A monotonic decrease in blister height is shown in the plots,
which coincides with the observation from the SEM images. In addition, changes in blister
width as a function of PI thickness are plotted. The PI blister width first increases from 60.5
pm (3-pm-thick PI) to 69.2 pm (7-pm-thick PI) and then decreases to 56 pm (11-pm-thick PI).

In order to capture the blister volume, such blisters are fitted by the Lorentzian peak fit method
(moving the x coordinate of the peak to zero). One example of the fitting is presented in Figure
2.18c. The fitting formula is the same as Equation (2.1) but with different coefficients, which
are listed in Figure 2.18c. After the profile fitting, the volume is calculated by the same formula
as shown in Equation (2.2) and a detailed calculation process is provided in appendix Figure
A.20. The final volumes corresponding to five different PI thicknesses are plotted in Figure
2.18d. A huge decline in blister volume from 5314 um? to 467 um? is shown in the plot. This
finding, together with the data summarized in Table 2.3, shows a positive correlation between

the blister height and the blister volume. As the PI thickness increases, a decreasing trend is
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Figure 2.18: PI blister profile summary with different PI thicknesses. (a). Summary of all the
PI blisters created on different thick PI films. (b). Blister height and blister width summary.
(c). Lorentzian fitting of one blister profile (7-um-thick PI, 3.2 J/ cm?). (d). PI blister volume
change as a function of PI thickness.

found both in the blister height and volume. This effect has been explained before due to the
mechanical resistance of the thicker PI film (e.g., 9 and 11 um thick PI) to the laser pulse.

Similar to the experiments conducted on the free surface of 5 pm thick PI (in the absence of
SU-8 microdisks), we investigate the PI blister morphology created on free surfaces of PI with
various PI thicknesses. Appendix Figure A.21 to A.25 show a series of characterization results
of the PI blisters. In appendix Figure A.21a and A.21c¢), six blisters are formed on 1-um-thick PI
surface with two different laser fluences: 3.2 and 0.96 J/cm?. Appendix Figure A.21b and A.21d
are two corresponding magnified images showing details of the blisters. In both cases, the cap
area of the blisters is completely removed, whereas in other cases (appendix Figure A.23b),
blisters have a cone-shaped structure, and their sizes are comparably smaller than those

formed on 3 to 11 pm thick PI. The blister width in appendix Figure A.21 is approximately 30
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Figure 2.19: Direct comparison of six PI blisters created on the free surface of PI films
with different thicknesses. (a-f). SEM image of magnified PI blisters when the PI thickness
increases from 1 to 11 um. Blister rupture happens when the PI thickness varies from 1 to 5
um and intact blisters are formed when the PI thickness continues to increase from 7 to 11 pum.

um, close to the laser spot size (20 pm). To summarize all the blisters for direct comparison, six

PI blisters corresponding to PI films with different thicknesses are presented in Figure 2.19.

The removal of the blister cap can be attributed to the thin thickness of the PI film. As
mentioned before, the absorption depth of PI using a 355 nm laser is close to 0.5 um. This value
is slightly smaller than the thickness of the PI film (1 pum). Since the laser fluence dramatically
exceeds the ablation threshold, meaning that the PI film is completely ablated along the PI
thickness direction. Therefore, less expansion of the trapped gas would be anticipated because
the trapped gas is quickly released due to the rupture of the blister.

Another phenomenon is that an ablated hole is found on the glass substrate for both laser
fluence. As the decrease of the laser fluence (from 3.2 to 0.96 J/cm?), the hole becomes shallow.
The formation of such ablated holes is tentatively ascribed to the slight absorption of the laser
by float glass. One study '8 has proved that at a wavelength of 355 nm, the absorbance by
the float glass reaches 10 % of the total intensity of the incident light. This part of absorbed
laser fluence, in combination with the high temperature created by the laser ablation process,

will locally heat and melt the float glass surface.
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Table 2.3: Summary of the transfer result of SU-8 microdisks and the corresponding blisters
created on PI with different thicknesses

PI thickness Transferresult Blisterresult Blister height Blister volume

1pum Transfer Rupture blister N.A. N.A.

3 um Transfer Intact blister 7.0 um 5314 pm3
5 um Transfer Intact blister 3.5 um 1851 um?
7 um Transfer Intact blister 2.6 um 1308 um?
9 um Transfer Intact blister 0.56 pm 696 um3
11 pm Transfer Intact blister 0.27 pm 467 um°®

NL.A. in the table means that PI blister height and volume cannot be calculated.

In order to verify the hypothesis that the partial absorption of the laser by the donor substrate
and the high temperature created by the PI ablation process jointly contribute to the formation
of such "craters", we experiment using a bare float glass wafer in the absence of the PI film.
The laser is focused on the bottom surface (meaning the laser penetrates through the wafer)
of the wafer, and a single laser shot (from 0.32 to 3.2 J/cm?) is adopted for the experiment.

Figure 2.20 summarizes the results. Figure 2.20a shows the complete ablation tests on the
glass substrate and Figure 2.20b-d presents three magnified SEM images, showing three
"craters" created by different laser fluences. The first conclusion is that if the laser fluence is
too small (e.g., 0.32-1.6 J/cm?), there are no such "craters", indicating that such laser fluence
fails to reach the ablation threshold to ablate the substrate. As the increase of laser fluence
from 1.92 to 3.2 J/cm?, larger and deeper "craters" form on the bottom surface of the wafer.
In addition, no ablation areas are found on the top surface of the wafer, which confirms that
the glass wafer is almost transparent to the laser and can absorb only a small portion of laser
energy. Therefore, this slight absorption by the glass wafer does not play an important role
in the PI film ablation and subsequent blister formation processes, and it can be reasonably

ignored.

For the unruptured PI blisters formed on the thicker PI films (7, 9, and 11 um), the blister
characterization is individually presented from appendix Figure A.23 to A.25. The SEM images
show a decreasing trend of blister height, which is also confirmed by the optical profilometer
measurement results (appendix Figure A.23c-d to A.25c-d). The profiles of the blister shown
in appendix Figure A.23d to A.25d are re-plotted in Figure 2.21a for direct comparison. Similar
to the blister height and width analysis shown in Figure 2.18, we quantify the two parameters
of the blister. The blister height drops from 9.2 pm (7-um-thick PI) to 2.7 ym (11-um-thick PI).
This decreasing trend in blister height resembles that found in Figure 2.18b, where the SU-8
microdisk is present but with a much smaller blister height. This difference has been analyzed
in the previous section due to the absence of the SU-8 microdisk. The blister width decreases
from 73.5 pm (7-um-thick PI) to 69.5 um (11-um-thick PI), which agrees well with the finding
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Figure 2.20: Laser ablation tests on bare float glass wafer. (a). Summary of the ablation tests.
(b). One ablated area on a glass wafer created by a laser pulse of 3.2 J/cm?. (c). One ablated
area on a glass wafer created by a laser pulse of 2.56 J/cm?. (d). One ablated area on a glass
wafer created by a laser pulse of 1.92 J/cm?.

in Figure 2.18b when there are SU-8 microdisks.

After the blister height and width analysis, the result of blister fitting by the Gaussian peak is
shown in Figure 2.21c, and the corresponding coefficients are listed as well. Consequently, PI
blister volumes (Detailed calculation is provided in appendix Figure A.26) corresponding to 7,
9, and 11 pm thick PI film are calculated and plotted in Figure 2.21d. A decreasing trend in

blister volume can be observed, similar to Figure 2.18d.

In short, PI thickness influences the blister formation and ensuing SU-8 microdisk transfer.
Although thicker PI film (e.g., 11 um) enables the transfer of SU-8 microdisk, the optimal PI
thicknesses obtained from the discussion above are 3 and 5 um, where less laser fluence is
required to guarantee the successful transfer while ensuring that no blister rupture happens

(unlike the results corresponding to 1 pm thick PI).

51



Chapter 2. LIFT of SU-8 Microdisks

a b

90

—— 7 um Pl 3.2 Jlem? or m  Blister height
- 5 L o2 m Blister width
__ 8} — 9um PI_3.2 J/cm 485
£ | — tumPi32Jem?] | £ 8T €
3 — 3
i | = =
s ' z -480 3=
c 6f
o (4' =) #56 -g
[ =t (0] =
— 4 K < |
2 o 4F 15 &
2 , 2 735 2
B , a | 0.3 m27| @
2 ' gosd 17
OF 1 1 1 0 1 L . &5
0 50 100 150 200 250 300 7 9 11
Lateral dimension (um) PI thickness (um)
12
L — 7 uym PI_3.2 J/em? = 8571
10 ~ - Gaussian peak fit 8000 |- = Blister volume
/g [ /’“ "%\
= ¥ ' - 6000 -
o y =-0.03
ey 1 \ 0 )
ke ‘I Y} XC=-0.46 =]
2 6fF o A=287.6 5
. I t S
=} ; A w=28.7 Q 4000 |
q’ [
E,‘ 4+ Il \\ 8
m L \ @ = 2614
5 { ! m 2000 f
B Il
' \ = 1335
0 1 1 1 0 1 M 1
-100 -50 0 50 100 7 9 1
Lateral dimension (um) PI thickness (um)

Figure 2.21: Summary of PI blister profiles created on PI free surface with different thick-
nesses. (a). Blister profiles corresponding to the PI thickness from 7 to 11 um. (a) only presents
the results in the X-direction, considering the symmetric nature of the blister. (b). Blister
height and blister width summary. (c). Gaussian fitting of one blister profile (7-um-thick PI,
3.2J/cm?). (d). PI blister volume change as a function of PI thickness.

2.3.3 Influence of SU-8 thickness

In this section, we evaluate the relationship between SU-8 thickness and SU-8 structural

integrity after transfer.

Four SU-8 donor samples are fabricated with increased thicknesses (5, 10, 20, and 50 pm).
For each SU-8 thickness, five SU-8 microdisks (100 um in diameter) are transferred onto the
PDMS receiver (1.6 J/cm?, 2 shots). The optical images displayed in Figure 2.22 demonstrate
that SU-8 thickness does influence the transfer result. When SU-8 thickness is 5 um, only SU-8
debris is found on the PDMS receiver. Fragmented and cracked SU-8 microdisks are observed
on PDMS receivers with SU-8 thicknesses of 10 and 20 pm (Figure 2.22b-c), respectively. All
these results indicate that the PI blister impulse is too strong to enable damage-free transfer.
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a b
- d-
Figure 2.22: Transfer results of SU-8 microdisks with different SU-8 thicknesses. (a-d). SU-8

microdisks transferred onto PDMS receivers. SU-8 thickness increases from 5 ((a)) to 50 pm

((d)).

However, when the thickness increases to 50 um, transferred SU-8 microdisks are free from
such defects. Figure 2.22d shows the result of the five intact SU-8 microdisks. All these
findings are supported by other theoretical and experimental research [174175187.188] [t hag
been proven that the length-thickness ratio of an ultra-thin chip influences the transfer result.
A larger length-thickness ratio indicates the chip is more vulnerable to damage because of
the transient impulse of the expanding blister and a smaller flexural rigidity (D) of the chip.
Besides, the stress concentration lies in the center of the free surface (interface between the
air and the chip). The chip will fracture once its stress reaches a critical value, leading to the
breakage. In our case, the length (diameter) of the SU-8 microdisk is a fixed value. Therefore,
the thickness of the SU-8 microdisk plays an important role because the flexural rigidity of the

SU-8 is expressed as:
Exh®

T 12x (1-12) 24)

where E, h and v are Young’s Modulus, thickness and Poisson’s ratio of the SU-8. From
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the formula, we can conclude that the flexural rigidity increases with the cubic of the SU-8
thickness. Comparing the flexural rigidity of SU-8 microdisks with two different thicknesses: 5
and 50 pm, their flexural rigidity difference is 1000 times larger (5 x 1078 and 5 x 10™° N-m for
5 and 50 um thick SU-8, respectively). Thinner SU-8 microdisks have smaller flexural rigidity
and prefer to undergo bending deformation with the PI blister instead of peeling away from
the PI film. This can be ascribed to the small mismatch of the flexural rigidity between the
thinner SU-8 and the PI film (5 um thick, the flexural rigidity of 2.4 x 1078 N-m). When the
SU-8 and PI have the same thickness (5 um), their flexural rigidity is in the same order of
magnitude. Therefore, thinner microdisks suffer from larger bending stress and are more
easily damaged. At the same time, thicker SU-8 (50 um) can survive the peeling-off process

because it can be considered a rigid object with respect to the thinner deformable PI film.

In our case, the length-thickness ratio of the SU-8 decreases from 20 to 2 as the SU-8 thickness
increases from 5 to 50 pm. When the ratio is too large (e.g., 20, corresponding to SU-8 thickness
of 5 um), the transfer results in Figure 2.22a only show SU-8 debris in the center. Most of the
SU-8 parts still stay on the donor substrate, as presented in appendix Figure A.27a. As the
increase of the SU-8 thickness (length-thickness ratio of 10 and 5), more SU-8 microdisk parts
are transferred to the PDMS receiver; however, breakage and cracks are observed. When the
ratio is sufficiently small (SU-8 thickness of 50 um) and the flexural rigidity is large enough,
intact SU-8 microdisks are transferred to the PDMS receiver. On the corresponding donor
substrate only 5 PI blisters are found on the donor substrate with negligible SU-8 debris
(appendix Figure A.27d). Therefore, a minimum thickness of 50 um is required to realize a
successful transfer that can guarantee the structural integrity of SU-8 microdisks. This is of
great significance if functional SU-8-supported microdevices need to be transferred by LIFT.
Unless otherwise specified, all the experiments discussed below and in Chapter 3 adopt this
optimal thickness (50 pm).

2.3.4 Influence of donor-to-receiver gap distance

The fourth parameter we investigate is the gap distance between the donor and receiver. In
many cases, the gap distance is an important process parameter determining the transfer
precision. Several groups have reported that with the increase of gap distance, transfer results
can shift from high transfer precision to lateral displacement, rotation, and flipping. In
2012, one group investigated the influence of standoff height on the precision in placement
(1551 of Sj chiplets. The standoff height varies from 5 to 300 um, and the conclusion is that
the lateral placement error increases dramatically when the height reaches 300 um. Such
placement error becomes insignificant when the height is lower than 20 pm. Another group
probed the experiments of Cu foils transfer and obtained similar results [1%7!. Other research
also investigated the transfer precision with a fixed gap distance [166:169.170] ap( the results
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indicate the random distribution of such transferred microcomponents within a certain range.
Different results can happen during the transfer process, including small displacement, angle

rotation, and flipping. Figure 2.23 summarize all the possible transfer results.

Lateral displacement
Rotation
Flipping on its side
180 degree flipping

a b c d

Increasing the donor—to—l’ﬁﬁ_

Figure 2.23: Sketches of different transfer results as the increase of donor-receiver gap
distance. (a-d). Transfer results vary from high-precision transfer to lateral displacement,
rotation, flipping on its side, and 180-degree flipping when the gap distance is sufficiently
large.
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Figure 2.24: SU-8 transfer results on PDMS receiver with a gap distance of close contact. (a).
Sketch of the transfer process of SU-8 microdisks on PDMS receiver with a gap. (b). Transfer
result of 10 SU-8 microdisks with the gap distance to be close contact. (c). Corresponding
SEM image of the 10 SU-8 microdisks.

We begin the experiments by placing spacers with known thicknesses between the donor and
the PDMS receiver. This helps quantify the relation between the gap distance and the transfer
precision of SU-8 microdisks, as illustrated in Figure 2.24a. Four different gap distances: close
contact (i.e., directly placing the SU-8 donor substrate on the PDMS receiver), 50, 210, and 370
pum are investigated. Figure 2.24b shows the transfer result of ten SU-8 microdisks (diameter:
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100 um, thickness: 50 um) with labels of metal number when the gap distance is close contact.
Here the label helps determine whether the flipping of the SU-8 microdisk happens during the
transfer process. The optical image shows that the SU-8 array is well-aligned, and the tilted
SEM image further confirms the high transfer precision. Another finding from the SEM image
is that no metal numbers are observed, thus precluding the possibility of SU-8 flipping. Similar
results are also found in Figure 2.25a-b, where the gap distance increases to 50 ym. The two
groups prove that the transfer displacement is insignificant at a small gap distance. When the
gap distance increases to 210 and 370 um, more distinct phenomena such as displacement,
rotation, and flipping are found in Figure 2.25c-f. Three microdisks in Figure 2.25c-d are
flipped on their side surfaces, and 180-degree flipping happens in Figure 2.25e-f. The flipped
SU-8 microdisks in Figure 2.25f are distinguishable from those in Figure 2.25b and 2.25d due
to the metal labels. If no flipping happens during the transfer, the metal label side will face
down (in contact with the PDMS receiver); therefore, no labels will be observed in the SEM

image.

a

o 0100 um 0100 pm o 100 ym
.U 0 0 O 3 0 0O
O O @ 4@ g O
6000000 O0n

Gap distance: 50 um Gap distance: 210 um Gap distance: 370 um

Figure 2.25: SU-8 transfer results on PDMS receiver with a gap distance of 50, 210 and 370
pm. (a-b). Optical and SEM images of transferred SU-8 microdisk with a gap distance of 50
pm. No obvious lateral displacement or rotation is found. (c-d). Optical and SEM images of
transferred SU-8 microdisk with a gap distance of 210 um. Lateral displacement and rotation
of the transferred SU-8 can be found. Three microdisks flip on its side. (e-f): Optical and SEM
images of transferred SU-8 microdisk with a gap distance of 370 um. Lateral displacement,
rotation, flipping on its side, and 180-degree flipping of transferred SU-8 microdisks are
observed.

To better evaluate the transfer results corresponding to different gap distances, the coordinates

56



2.3 Results and discussion

nd 200
L e iy v £ Close contact .
v 30 N
m Close contact E v : A ' = — Zgoum 7P
T ol o sommeep [A T4V = 2o} v | . =150 s Bm:gep
=2 [l A 210pumgap ‘_"_-_'_: 2 : =1 A v o um gap
c vy 370umgap | ' c 10F i qE>
] . Al Xe] 9 o @ Max. value
5 40 mimimfeim Snsm A, Z 0 — 14 & x ©100
g ‘\ g 0 " ¥ @' A Mean value
© : . ° I S
S 80l 50 pm t.hlcl.( SuU-8 “| s A A b @ Vin. value
(100 pm in diameter) 1. 20 5 SO0fF A
A o]
120 30 . = % E
2 . . Y I o o == =§= i
-150 -100 -50 0 50 100 -40 -30 -20 10 0 10 20 30 40 Close contact 50 ym 210 ym 370 ym
X-direction (um) X-direction (um) Gap distance (um)

Figure 2.26: Summary of the transfer precision of SU-8 microdisks. (a). XY scatter plot of
transferred SU-8 microdisks on PDMS receiver, showing the lateral displacement distance
with respect to the microdisks’ initial position on the donor (the original point). Four groups
of SU-8 microdisks with different gap distances are included in the plot: close contact, 50,
210, and 370 pm gap. (b). Zoom-in plot of (a) when removing the bottom left and top right
SU-8 microdisks. The majority of the SU-8 is located in a range of + 30 um, as indicated by
the transparent orange circle. (c). Box plot of the radial displacement of transferred SU-8 as a
function of gap distance.

of these transferred microdisks (taking the position of the corresponding SU-8 microdisk on
the donor as the origin point) are recorded and plotted in Figure 2.26a. Except that two data
points are located in the bottom left and top right corner, all remaining data points are located
in a region enclosed by a dashed square. A zoom-in scatter plot (Figure 2.26b) shows the
distribution of position shifts of these transferred SU-8 microdisks. The position shift of most
SU-8 microdisks does not exceed 30 pum, as indicated by the orange circle. All these SU-8
microdisks are randomly distributed around the origin point. The radial displacement of each
group having various gap distances is then calculated, and the result is summarized in a box

plot (Figure 2.26c).

It should be noted that because of the existence of the PI blister, the actual gap distance in
the four cases is smaller than the four values. However, since the measured blister height is
around 2.6 um under 1.6 J/ cm? laser fluence (2 shots) and also considering that the maximum
blister height is approximately 1.2 times larger than the final blister height because of the
elastic property of the PI 177, such value (around 3 um) is relatively small than the three
gap distances (50, 210 and 370 pm). We can reasonably use 50, 210 and 370 pm as the gap
distances. As shown in Figure 2.26c¢, for the first two groups (close contact and 50 um), the
radial displacement (transfer error) averages less than 10 um. As a comparison, the averaged
radial displacement values for the latter two groups are much larger than those of the first two

groups, which are under 50 pm.

The reduced transfer precision of SU-8 microdisks depends on a series of factors, including
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the vibration of the donor stage, laser spot size, the precise centering of the laser beam on
the SU-8 microdisks and the ambient atmosphere. In the experiments, three main factors
negatively affect the transfer precision. The first one is the back housing and the front door
of the LIFT setup. After assembling the rear housing and closing the front door for laser
operation, the laser’s position is shifted a few micrometers. This leads to the misalignment
between the laser center and the SU-8 microdisk center. The second factor is the vibration of
the donor stage during a continuous operation. This contributes another few micrometers to
the misalignment. The last factor is the determination of the SU-8 microdisk center by our
naked eyes. The visual observation can lead to a disk-to-disk observer error when aligning the
laser with the SU-8 microdisk. All these accumulated misalignment increases the likelihood of

undesired transfer results, such as large displacement, rotation, and flipping.

In our experiments, the influence of the first factor has been eliminated. During the LIFT
experiments, the back housing is not assembled, and the front door is open, precluding their
influences. However, the other two factors contribute to deteriorated transfer precision and
cannot be ignored. Improvements in transfer precision require further efforts and studies to

eliminate these negative factors.

2.4 Conclusion

This chapter investigates four variables, laser fluence (laser energy), PI thickness, SU-8 thick-
ness, and donor-to-receiver gap distance, to quantify their influence on SU-8 microdisk

transfer.

The first variable being studied is laser fluence. Six different laser fluences are used to transfer
SU-8 microdisks, and the transfer results are split into two regimes: no transfer (0.32 ]/ cm?) and
successful transfer (= 0.96 J/cm?). Subsequent observation of the transferred SU-8 microdisks
proves that although lower fluence with multiple shots (0.96 J/cm?, 4-6 shots) guarantees
the transfer, surface damage of the SU-8 microdisk is unavoidable, and high laser fluence is
more favorable to achieving damage-free transfer. The PI blister, which plays a crucial role in
transferring SU-8 microdisks, is systematically investigated. Three types of blister are classified
from all the experiments. When transferring the SU-8 microdisk with specific laser fluence, the
formation and expansion of the blister are suppressed by the existence of the SU-8 microdisk,
thus leading to a PI blister having a small size. If there is no SU-8 microdisk, the same laser
fluence can generate a much larger blister since no energy is consumed by the microdisk for
the separation and forward motion. Finally, if the laser fluence is sufficiently large, blister

rupture happens, which should be entirely avoided during an ideal transfer process.

After studying the laser fluence, we probe the influence of PI thickness. A series of PI films (1,
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3,7,9, 11 um thick) are prepared and tested. It is observed that for thin PI film (1 um thick), PI
blister rupture happens even with the presence of the SU-8 microdisks. As for thicker PI film (3,
7,9, 11 um thick), such blister rupture phenomenon disappears. In the meantime, the blister
height drops dramatically from 7.0 pm (3-pm-thick PI) to around 0.27 pm (3-pm-thick PI),
which can be reasonably ascribed to the mechanical resistance and larger flexural rigidity of
the thicker PI film. When testing these PI films without the SU-8 microdisks, it is observed that
much larger blisters are formed on the PI surface (e.g., 7 um thick PI), and blister ruptures are
more evidently shown when the PI thickness is small (1, 3, and 5 um). This can be explained
by the fact that for the thinner PI film (1, 3 and 5 pm), the nonablated part is relatively small,
whereas for the thicker PI films (7, 9 and 11 um), the nonablated part is sufficiently thick. This

difference leads to two distinguished phenomena: ruptured blister and intact blister.

Subsequently, the experimental study regarding the SU-8 microdisk thickness is performed.
Four SU-8 microdisk samples with different thicknesses (5, 10, 20, and 50 um) are tested.
Representative transfer results are obtained. When the SU-8 thickness is relatively small, such
as 5 um, only SU-8 debris is found on the receiver, while most of the SU-8 microdisk stays on
the donor. When increasing the SU-8 thickness to 10 and 20 um, only fragmented and cracked
microdisks are observed on the receiver. The last tested sample is 50 um thick SU-8, and the
five transferred SU-8 microdisks confirm that the structural integrity of the SU-8 microdisk

can be maintained due to negligible SU-8 debris left on the donor substrate.

Finally, the dependence of gap distance on the transfer precision of SU-8 microdisks is studied.
Four different gap distances (close contact, 50, 210, and 370 um) are created by customized
spacers. For the first two groups (close contact and 50 pm), optical images and SEM micro-
graphs confirm that the transferred SU-8 microdisks are well-aligned on the receiver without
apparent rotation. As the increase of the gap distance (210 and 370 pm), large displacement
and rotation of such microdisks are observed. Besides these two phenomena, we find SU-8
microdisks flipping on their side surfaces (gap: 210 um) and also flipping 180 degrees (gap:
370 um). Quantitative analysis of the displacement distance (transfer error) as a function of
gap distance is further summarized. It can be seen that the transfer errors corresponding to
the gap distance of close contact and 50 pm are less than 10 um, whereas the other two gap

distances (210 and 370 pum) result in much larger transfer errors (close to 50 pm).
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Note: This chapter is adapted from the following manuscript with the permission of all co-
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Z.Yang, G. Boero, R. Widmer, J. Michler and J. Brugger, "Laser-induced forward transfer of

SU-8 supported metallic microdevices", In preparation
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zation, figures, and writing.
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3.1 Introduction

In Chapter 2, the influences of four different parameters on the final transfer result of SU-8
microdisks are elaborated upon. In this chapter, the optimal parameter combination based
on the previous chapter’s study is employed to fulfill one of the ultimate goals of this thesis:
transferring functional SU-8 microdevices to various targeted receivers and proving their
post-transfer functionalities. In contrast to other works using Si dummy dies 1957157 a5
LIFT demonstrations, in our work SU-8 functional microdevices are first fabricated and then
transferred by the LIFT setup. Post-transfer characterization proves the functionalities are

well-preserved without causing damage during the transfer process.

As a first demonstration, SU-8 microdisks with metal QR codes are transferred. To assess the
QR code readability after the transfer, optical images are taken, and the QR code is scanned by
the camera. The scanning results demonstrate that metal QR codes on the SU-8 microdisks
are readable. As an important metric for the potential application of such microscale QR
codes, adhesion between the SU-8 microdevice and receivers is quantified by a variety of
methods, such as spinning tests, shaking tests, and adhesion force measurements. All these
tests illustrate promising results regarding strong adhesion on different receivers. Another
study is the adhesion experiments in deionized (DI) water. Metal QR code patterned SU-8
samples are transferred onto a series of receivers and immersed in DI water to simulate harsh
conditions for these SU-8 microdisks. After a certain amount of time, SU-8 samples are taken
out of DI water and examined under an optical microscope to determine how long transferred

SU-8 microdisks can remain attached when immersed in DI water.

Besides the metal QR code, SU-8 microdisks with thin-film temperature sensors are transferred
and characterized to demonstrate the electrical functionality of the device. The high-precision
transfer of the temperature sensor to the targeted position on the electrode-patterned receiver
ensures that electrical contact is created between the temperature sensor and the electrodes.
Subsequent electrical characterization of the temperature sensor records the resistance change
at different temperatures. The as-obtained temperature-resistance curve shows a high degree
of linearity. The extracted temperature coefficient of resistance (TCR) approximates the value
obtained from the Pt100 reference sensor.

The aforementioned two functional microdevices are transferred on a small scale. In order
to show the potential of our LIFT system for wafer-scale functional device array transfer,
a customized g-code program is developed to enable the transfer of a 40 x 30 microdisk
array on a PDMS-coated 4-inch wafer. The influences of dwelling time and donor substrate
rotation angle during the transfer are explored. After optimizing these two parameters, a 40
x 40 array is transferred onto a wafer with a constant pitch of 1000 um. The second transfer

demonstration with improved dwelling time control and rotational correction produces a
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higher yield rate, where the number of flipped SU-8 microdisks is significantly reduced.
This means our approach is able to meet the high demand for the assembly of ultrathin

microcomponents/microsystems in a fully automated fashion.

All experiments discussed previously are carried out by transferring SU-8 microdisks onto
planar receivers. As a printing technique that enables contactless transfer, LIFT has the
ability to transfer functional microdevices onto non-planar surfaces and make use of mi-
croscale building blocks to realize 3D assembly. This attribute makes it possible for LIFT to
find potential applications in the rapidly developing field of flexible/stretchable electronics.
Therefore, in this section, various transfer examples demonstrate transfers onto non-planar
receivers. Such demonstrations strongly confirm that the LIFT technique does not rely on the

physical/geometrical properties of the receivers.

3.2 Transfer and characterization of SU-8 microdisks with metal QR

code

3.2.1 Fabrication of donor and receiver
Fabrication of SU-8 microdisk with metal QR codes

The fabrication of functional SU-8-supported micro QR codes follows the same process
mentioned in Chapter 2 ("SU-8 functional device fabrication"). To overcome the issue of
closed-loop patterns, each pixel in the QR code is isolated by introducing microbridges. Figure
3.1aillustrates one design with such microbridges. The QR code consists of 21 x 21 pixels. The
pixel size is 4 um, and the bridge is 1 um wide, as indicated in the high-magnification image.
Therefore, a 3 x 3 um? area will be patterned with metal, as indicated by the purple square.
Figure 3.1b shows the corresponding SU-8 supported QR codes (Cr/Au, 5/50 nm) after the
fabrication. The SU-8 microdisk has a diameter of 130 um and a thickness of 50 um.

PDMS, P], Si, Cu, and glass receiver substrates preparation

PDMS receiver is fabricated by mixing the base and the curing agent (Syrgard 184) with a mass
ratio of 10:1. The mixture is degassed in a vacuum desiccator and poured into a petri-dish,
followed by a thermal curing process (80 °C for 2 h). After the curing, the PDMS is cut into
the desired size and shape as the receiver. The PI receiver fabrication process follows the
same steps discussed in the previous chapter ("SU-8 donor preparation"). The glass slide
size is 26 x 26 mm?, and the PI thickness is 3 um. Si and glass receivers are rinsed in IPA and
ultrasonically cleaned for 5 mins. They are then cleaned in deionized (DI) water and dried

with a nitrogen gun. Thin film Cu (100 nm thick) is sputtered on Si substrate to serve as a Cu
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a

Figure 3.1: Fabrication of SU-8-supported QR codes. (a). One representative QR code design.
The zoom-in image shows the detail of the bridge design. (b). A SU-8 microdisk array after the
metallic QR code fabrication.

receiver.

3.2.2 Transfer result

The LIFT experiment begins with transferring a 130 um (diameter) x 50 pum SU-8 array on
a PDMS receiver. Each SU-8 microdisk is transferred by several laser pulses (1.6 J/cm?, 3-6
shots), and in total, five SU-8 microdisks are transferred. After the transfer, both the structural
integrity and QR readability can be verified from the optical image (Figure 3.2). The inset
images show two SU-8 microdisks with metal QR codes. The information contained within the
codes (Chinese characters "Laser-induced forward transfer” (left QR code) and "Microsystems
laboratory" (right QR code)) is easily accessible by the QR scanner.

3.2.3 Adhesion test

Adhesion between the transferred SU-8 microdisks and the receiver is of great importance
for potential applications. For example, microscale anti-counterfeiting can be realized by
transferring the SU-8 microdisk with a metal QR code (containing certain information like
the serial number of a product) onto the desired surface. The feasibility of this application
relies on the adhesion between the SU-8 and the surface. Since the SU-8 microdisk may
experience extreme conditions such as collision (with objects, other people, etc.) and fall on
the ground, the microdisk may be subject to high accelerations and be separated from the

receiver. Quantitative analysis is required to determine the adhesion force between the two.
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Figure 3.2: Transfer result of five SU-8-supported QR codes. An array of SU-8 microdisks with
metal QR codes transferred on the PDMS receiver. The QR codes are readable after the transfer.
Insets: two magnified images of SU-8 with the QR code, and the QR code contains Chinese
characters for: “laser-induced forward transfer” and “microsystems laboratory”, respectively.
Scale bar in the insets: 50 pm.

Rotation and shaking test

We first perform two adhesion experiments, as sketched out in Figure 3.3. Before testings, 130
um (diameter) x 50 um thick SU-8 microdisks with metal QR code (1.6 J/cm?, 3-6 pulses) are
first transferred onto different receivers (Si, PDMS, glass, and PI) and then vacuum annealed
(120 °C, 2 h). The four receivers with transferred SU-8 samples are attached to the edge of a
4-inch wafer with adhesive tape. This ensures that the distance between the SU-8 and the
wafer center is around 50 mm. Then the wafer is placed on a spin-coater and centrifuged at
various angular velocities (up to 5000 rpm) for 30 s. As a result, the centrifugal force is obtained
by the following equation (Equation 3.1):

F = mw*r (3.1

where F, m, w, and r represent the centrifugal force, the mass of the SU-8 microdisk, angular
velocity (rpm), and radius, respectively. The maximum force exerted on the SU-8 microdisks

is calculated to be around 12 pN. Figure 3.4b shows the SU-8 microdisk after the rotation test.
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a Rotation test b Shaking test
SU-8 sample
SU-8 sample
Spin coater Shaker

Cross-section view
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Figure 3.3: Schematic illustrations of the two adhesion tests. (a). Simple sketch of the
rotation test. The angular speed increases from 1000 to 5000 rpm. (b). Sketch of the shaking
test. The acceleration is up to 50 g.

Compared with the image showing the SU-8 microdisk after the transfer (Figure 3.4a), the
SU-8 microdisk still stays on the Si receiver, proving strong adhesion between the SU-8 and
the Si receiver under high centrifugal acceleration.

a

Si receiver after LIFT Si receiver Si receiver
after rotation test after shaking test

PDMS receiver after two Pl receiver after two
adhesion tests adhesion tests

ExE

Glass receiver after two
adhesion tests

Figure 3.4: Experimental results of the two adhesion tests. (a-c). Optical images showing
the SU-8 microdisk after LIFT, rotation test and shaking test on the Si receiver, respectively.
(d-f). Optical images of SU-8 samples after the two adhesion tests corresponding to different
receivers. (d): SU-8 on PDMS. (e): SU-8 on glass. (f): SU-8 on PI.

After the rotation test, we employ a vibration exciter to apply vertical acceleration on SU-8
samples. Receivers with SU-8 samples are glued onto an acrylic plate mounted on the shaker
platform. The SU-8 microdisk samples are tested in two modes: the SU-8 facing up with an
acceleration of 50 g for 30 s and the SU-8 facing down with an acceleration of 30 g for 30 s.
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All receivers are then checked by an optical microscope. As clearly seen in Figure 3.4c, the
transferred SU-8 microdisks still adhere to the Si receiver after the shaking test. Similar results
for other receivers can be found in Figure 3.4d-f, which further confirms the strong adhesion

between the transferred SU-8 microdisks and the other three receivers (PDMS, glass, and PI).

Adhesion quantification by a micro-mechanical test system
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Figure 3.5: Adhesion test of transferred SU-8 microdisks onto Si receiver. (a). Simplified
sketch of the micromechanical testing system. (b). SEM image of the in-situ micromechanical
testing system with SU-8 samples on Si receiver. (¢). SEM images of one SU-8 microdisk before
and after the adhesion test. This sample corresponds to the purple dashed curve shown in
(d). (d). Displacement-load curves for all SU-8 samples on Si receiver. Group A denotes SU-8
samples with vacuum thermal annealing (TA) at 120 °C for 2h and Group B represents SU-8
samples without TA treatment.

In order to further quantify the adhesion strength between the SU-8 microdisk and different
receivers, micropillar lateral force tests are performed. Figure 3.5a shows a simplified view of
the measurement process. The receiver moves laterally, and the SU-8 samples on the receiver
approach a stainless steel microtip (tip width of 300 um). Upon contacting the fixed microtip,
the tip exerts a lateral force on the SU-8 sample, and the displacement-load curve of the SU-8
microdisk sample will be recorded. Four different types of receivers (Si, glass, Cu, and PDMS)

are prepared for the test. On each receiver, 5 SU-8 microdisks are transferred by LIFT (1.6
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J/cm?, 3-6 shots) and thermally annealed in a vacuum (120 °C, 2 h). The thermally annealed
samples are categorized into Group A. A control group (Group B) is also prepared to investigate
whether the annealing process influences the adhesion, where SU-8 microdisks are transferred

to the four receivers by LIFT without further treatment.
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Figure 3.6: Displacement-load curves for SU-8 samples on glass, Cu and PDMS receivers.
(a-c). Curves for SU-8 on glass, Cu, and PDMS receivers, respectively. Group A denotes SU-8
samples with vacuum thermal annealing (TA) at 120 °C for 2h, and Group B represents SU-8
samples with no TA treatment.

Figure 3.5b displays the measurement system with a Si receiver sample mounted on the holder.
Figure 3.5¢ presents two SEM photographs showing a representative adhesion test result. The
SU-8 microdisk separates from the Si substrate upon reaching the maximum adhesion force,
and the region without gold indicates the location of the microdisk in the right SEM image. In
Figure 3.5d, all displacement-load curves quantify the adhesion force of the SU-8 microdisk
on the Sireceiver. The first conclusion that can be reached from all these curves is that the
shear load increases rapidly to a maximum value (as can be seen from curves corresponding
to other receivers in Figure 3.6). The slope in the displacement-load curve can be tentatively
ascribed to the fact that the microtip is compliant and is deflected by a given load. When
the force reaches a maximum value corresponding to the adhesion force between the SU-8
microdisk and the receiver, the SU-8 microdisk either separates from the receiver or slides
on it. Sliding examples are provided in Figure 3.7, and the sliding distances are measured
accordingly. As a result, the shear load either drops to zero or decreases to a stable value to

maintain the sliding of the SU-8 microdisk on the receiver surface.

Another finding is that the adhesion force is larger after TA because the TA treatment increases
the adhesion between the SU-8 and the receiver. Nevertheless, in both cases (with/without TA),
all of the measured values are larger than those obtained from the rotation test (around 12 uN
when the rotation speed is 5000 rpm). Another interesting phenomenon is displayed in Figure
3.6¢, where the curves seem irregular compared with Figure 3.5d and Figure 3.6a-b. This
results from the fact that the PDMS receiver is soft, and it can deform while the load applies to
the SU-8 microdisk. The crack formation also appears on the PDMS with the applied load,
as marked in Figure 3.7f. All of these factors contribute to the repeated increase/decrease

of the shear load value and lead to inaccurate adhesion force measurement. Therefore, the
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Figure 3.7: SEM images of SU-8 microdisk before and after the adhesion test on different
receivers. (a-b). Adhesion test result on a Cu receiver. Upon the application of a lateral load,
the SU-8 slides on the glass surface, leaving a trace as shown in (b). (c-d). Adhesion test results
on a glass receiver. A similar trace can be found in (d). (e-f). Adhesion test results on a PDMS
receiver. In addition to the trace left by the SU-8 microdisk, cracks are observed on the PDMS
after the test.

maximum load from Figure 3.6c is much smaller than those from the other three receivers.
However, even if the measured load value is relatively small, SU-8 microdisks remain on the
PDMS receiver after the adhesion tests, thus proving good adhesion between the transferred
SU-8 and the PDMS receiver.

Adhesion test in DI water

The aforementioned rotation and shaking tests have proven that transferred SU-8 microdisks
can survive in high acceleration conditions. To examine whether the transferred QR code
patterned SU-8 microdisks can survive under other harsh conditions, like rinsing in water, we
conduct the adhesion test by placing different receivers with transferred SU-8 microdisks into
DI water and evaluate the survival of such microdisks.

Similar to the two groups of SU-8 microdisk samples prepared in the previous section, we

transfer SU-8 microdisks with metal QR codes onto four receivers and categorize them into

69



Chapter 3. LIFT of SU-8-Supported Functional Devices

with thermal anneali;lg . 3 gty
Oh

Cu receiver _ e 2 oA t AR

Figure 3.8: Adhesion test for SU-8 microdisks on Cu receiver after thermal annealing in DI
water. (a). Image of three transferred SU-8 microdisks after thermal annealing. (b-d). Images
of the SU-8 microdisks after being immersed in DI water for 24, 96, and 360 h. The color
change is due to the corrosion of Cu in DI water after 360 h. The magnified image in d displays
that the SU-8 microdisk still adheres to the Cu receiver. Scale bar in the inset: 50 um.

two groups (Group A and Group B). After the thermal annealing for Group A (the same thermal
annealing process as discussed in the previous section), SU-8 samples in Group A and Group
B are immersed in DI water. After a specific time interval (8, 24, 48, 96, 144, and 360 h), all the
receiver samples are placed under a fume hood for drying. Then SU-8 microdisk samples are

examined under an optical microscope.

Figure 3.8 to Figure 3.11 summarize the adhesion tests of SU-8 microdisk samples in Group
A in DI water. For all these four figures, the first images represent the SU-8 samples after
thermal annealing, as indicated by 0 h. From Figure 3.8b to 3.8c, it can be observed that the
Cu receiver is contaminated with impurities (probably the ink from the marker pen), and
it is corroded after immersing in DI water for 360 h. Even if so, the transferred three SU-8
microdisks with the metallic QR code still adhere to the receiver. A high magnification image
displayed in Figure 3.8d demonstrates that the QR code on the SU-8 is still readable by a
QR code scanner (the QR code contains the text of "laser-induced forward transfer"). This
confirms that even under harsh conditions (e.g., immersing in DI water), the functional SU-8
microdisk with a QR code can survive and maintain its readability. In Figure 3.9, it is found
that all three SU-8 microdisks separate from the glass receiver after 8 h, indicating the SU-8

microdisk is less resistant to DI water. Similar results are found in Figure 3.10 and Figure 3.11,
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Figure 3.9: Adhesion test for SU-8 microdisks on glass receiver after thermal annealing in
DI water. (a). Image of three transferred SU-8 microdisks after thermal annealing. (b). Image
of the glass receiver immersed in DI water for 8 h. No SU-8 microdisks are observed on the
receiver.

Table 3.1: Summary of the SU-8 microdisk adhesion test results on different receivers in DI
water

Receiver type TA treatment SU-8 attachment time QR code readability

Cu v 360 h Readable
Cu x 360 h Readable
Glass v <8h Readable
Glass X 24 h Readable
Si v 96 h Readable
Si X 96 h Readable
PDMS v 360 h Readable
PDMS x 360 h Readable

v and x in the table denote with and without TA treatment, respectively.

where the SU-8 samples can survive in DI water for at least 96 h (Si receiver) and 360 h (PDMS

receiver), respectively.

In addition to the analysis of the results in Group A, we examine the results obtained from the
adhesion tests of Group B, where all of the SU-8 samples are transferred by LIFT without further
treatment. The optical images shown in appendix Figure A.28 (Cu receiver) look similar to
Figure 3.8. All three SU-8 microdisks survive 360 h in the DI water, and the magnified image in
appendix Figure A.28d displays the QR code on the SU-8 microdisk. The text of "Microsystems

Laboratory" is easily accessible via a QR scanner.

The SU-8 microdisk samples on glass and Si receivers are then examined. From appendix
Figure A.29a-b, it can be seen that one SU-8 microdisk has separated from the glass receiver
surface after 8 h, and the remaining two microdisks also change their positions on the receiver.
After 24 h, the two SU-8 microdisks stay on the receiver, but their positions change further.

Notwithstanding the translocation of the receivers, the high-magnification image in appendix
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Figure 3.10: Adhesion test for SU-8 microdisks on Si receiver after thermal annealing in DI
water. (a). Image of three transferred SU-8 microdisks after thermal annealing. (b-d). Images
of the SU-8 microdisks after being immersed in DI water for 24, 96, and 144 h. Scale bar in the
inset: 50 um.

Figure A.29c still confirms that the QR code remains readable. Despite such position shifts
also being observed in appendix Figure A.30, the three SU-8 microdisks still adhere to the Si
receiver after 96 h. The last sample features the SU-8 microdisks on a PDMS receiver without
the thermal annealing treatment (appendix Figure A.31). After 360 h, the four SU-8 microdisks

are still present on the receiver, and no obvious movement is observed for these microdisks.

From Figure 3.8-3.11 (Group A) to appendix Figure A.28-A.31 (Group B), it can be concluded
that for different types of receivers, transferred SU-8 microdisks tend to have different attach-
ment capabilities to the receivers in DI water. Furthermore, the thermal annealing process
does not influence the adhesion of microdisks in DI water. Table 3.1 summarizes the adhesion
tests for the direct comparison of the attachment time of SU-8 microdisks to different receivers
and also for the verification of the QR code readability.

From all of the images and Table 3.1, it can be concluded that SU-8 microdisks transferred to
Cu and PDMS receivers can stay on the receivers for at least 360 h. The reason for such a phe-
nomenon on the PDMS receiver can be inferred from the fact that the PDMS is adhesive, and
transferred SU-8 microdisks can adhere firmly to the PDMS surface. A similar phenomenon
for the Cu receiver can be tentatively ascribed to the corrosion of Cu in DI water after a long

period of time, but this requires further investigation.
In summary, all of these LIFT experiments of functional SU-8 microdisks with metal QR codes,
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3.3 Transfer and characterization of SU-8 microdisks with temperature sensor

Figure 3.11: Adhesion test for SU-8 microdisks on PDMS receiver after thermal annealing in
DI water. (a). Image of three transferred SU-8 microdisks after thermal annealing. (b). Image
of the SU-8 microdisks after being immersed in DI water for 360 h. The magnified image in b
proves that the SU-8 adheres to the PDMS receiver and the QR code is still readable. Scale bar
in the inset: 50 pm.

substantiate the idea of making use of the transferred SU-8 microdisks with QR codes as a
novel method for potential microscale anti-counterfeiting or QR code authentication.

3.3 Transfer and characterization of SU-8 microdisks with tempera-

ture sensor

In the previous section, we investigate the transfer of SU-8 microdisks with optical functional-
ity (metal QR code). The post-transfer evaluation, together with the adhesion tests, proves
the feasibility of distributing SU-8 microdisks to different surfaces while maintaining the
readability of the QR code. In this section, we take the research one step further, explore
the transfer of the SU-8-supported temperature sensors and assess the electrical functional-
ity. SU-8-supported temperature sensors are transferred onto receivers (with prepatterned
electrodes), and electrical contact is created between the contact pads of the temperature
sensor and receiver electrodes. The electrical performance of the temperature sensor is evalu-
ated by conducting the temperature-resistance measurement and calculating the TCR of the

temperature sensor.

3.3.1 Fabrication and characterization
Fabrication of SU-8 microdisk supported temperature sensor

The fabrication of functional SU-8-supported temperature sensors follows the same process
outlined in Chapter 2 ("SU-8 functional device fabrication"). As shown in Figure 3.12a, the
SU-8 has a diameter of 100 um and a thickness of 50 um. The thin-film temperature sensor on

top of the SU-8 microdisk is made of Cr/Pt (5/130 nm) and composed of a meander structure
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(width: 1.5 pm) in the center and two large contact pads at two ends. Figure 3.12a shows one
array of such microdevices after fabrication, and the close-up image in Figure 3.12b shows

more details of the meander structure.

b

O -0 0

Figure 3.12: SU-8-supported temperature sensor after fabrication. (a). Image of an array of
SU-8 supported temperature sensors (b). Magnified image of one temperature sensor.

Fabrication of electrode-patterned Si/SiO, receiver

A Si/SiO, wafer (SiO, thickness: 500 nm) is first coated with a LOR 5A (Micro Resist Technol-
ogy)/AZ 1512 HS (MicroChemicals GmbH) double layer (0.7/1.5 pum). The photoresist is then
patterned by a laser writer (MLA 150). After developing the photoresist, a thin layer of Cr/Au
(5/150 nm) is deposited on the wafer by sputtering. Then the wafer is placed in Remover 1165
for lift-off (48 h). After the lift-off process, the wafer is rinsed in IPA and dried by a nitrogen
gun. Finally, the wafer is cleaved to the desired size for LIFT experiments. The as-fabricated

electrodes can be seen in Figure 3.13a-b.

Temperature sensor measurement

The temperature sensor measurement setup consists of a hotplate, a microscope, a camera
and computer, a multimeter, a source meter, a thermocouple, a Pt100 sensor and one micro-
probe station, as illustrated in Figure 3.13c. Two needles of the micro-prober system contact
the targeted receiver electrodes. To guarantee the temperature condition for the temperature
sensor, the Pt100 sensor and the thermocouple are the same. The Pt100 sensor and the
thermocouple are also placed on Si/SiO; substrates. The temperature varies from room
temperature to 100 °C, with an increment of 5 °C for each step. At each temperature, the Pt100
sensor and SU-8 temperature sensor resistances are recorded when the temperature readout

of the thermocouple has been stabilized for 20 s.
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Figure 3.13: SU-8-supported temperature sensor transfer and characterization. (a). Ex-
ploded view of a temperature sensor transferred onto radial-electrode-patterned Si/SiO»
receiver. (b). Optical image of one transferred temperature sensor onto the electrodes. The
SU-8 microdisk size is 100 um in diameter and 50 um in thickness. Two probes are in contact
with electrodes 04 and 08 when measuring the resistance. Inset: magnified image showing the
meander structure of the temperature sensor. Scale bar: 20 um. (c). Sketch of the temperature
sensor characterization system. (d). Measured temperature-resistance curves of the tempera-
ture sensor and the Pt100 reference sensor. The TCRs of the temperature sensor and Pt100
sensor are extracted from the curves and shown in the plot.

3.3.2 Transfer result

We utilize LIFT (1.6 J/cm?, 2 shots) to transfer SU-8-supported temperature sensors and
conduct the post-transfer performance assessment (Figure 3.13). The temperature sensor
consisting of Cr/Pt meander microstructures (exploded-view displayed in Figure 3.13a) is
transferred onto radial Cr/Au electrodes. As seen from Figure 3.13b, combining the radial
electrode design with multiple electrodes increases the likelihood of the temperature sensor
contacting the Cr/Au electrodes underneath electrically. Even if small displacements and large
rotations can be introduced during the transfer process, such a design guarantees successful
electrical contact between the transferred temperature sensor and receiver electrodes. The

top-left inset image proves that the transfer precision of the temperature sensor is high, where
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the meander structure of the temperature sensor is located in the center of these electrodes.

3.3.3 Temperature sensor characterization

After transfer, the temperature sensor is thermally annealed (200 °C, 2h) considering the
degradation temperature of SU-8 is 380 °C 189 The SU-8 temperature sensor, together
with a commercial Pt100 sensor and a thermocouple, is placed on the same hotplate for
the electrical measurement. The Pt 100 sensor is a reference temperature sensor, and the
thermocouple monitors the temperature. Figure 3.13d summarizes the measurement results
of the SU-8-supported temperature sensor and the reference Pt100 sensor. For each sensor
(both the SU-8 temperature sensor and Pt100 sensor), five measurements are conducted to
ensure repeatability of measurement. The scattered dots, in combination with the trend line,
confirm that the resistance of the temperature sensor shows a high degree of linearity as a
function of temperature. The temperature-resistance measurement is also conducted before
the annealing process and the measurement result is provided in Figure 3.14. Similar linearity
is also observed from this figure, thus proving the transfer of the SU-8 temperature sensor by
LIFT enables good electrical contact between the sensor and the receiver electrodes, even
without thermal annealing.
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Figure 3.14: Measured temperature-resistance curve of the SU-8 supported temperature
sensor before annealing. The TCR of the temperature sensor is extracted from the curves and
shown in the plot.

The error bar in the two inset images in Figure 3.13d shows the data extracted from the five
measurements, and the small magnitudes of the standard deviation indicate slight variations
of resistance among the five measurements. This further demonstrates the excellent repeata-
bility of the temperature sensor characterization. Furthermore, we obtain the TCR of the

temperature sensor and Pt100 sensor by the following equation:

TCR=(R—R)/ (R x (T2 —-T1)) (3.2)
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Figure 3.15: Characterization of two additional transferred SU-8-supported temperature
sensors. (a-b and c-d). Optical image and the corresponding temperature-resistance curves
for two temperature sensors. The Pt100 sensor is used as a reference. The TCR of the tempera-
ture sensor and Pt100 sensor are extracted from the curves and shown in the plot.

where R, and R; represent the resistances of the temperature sensor at the temperature of T,
and Ti, respectively. The TCR values for the temperature sensor (after annealing) and Pt100
sensor are 3.28 x 1073/°C and 3.48 x 1073/°C, respectively. In addition, we obtain the TCR value
of the temperature sensor before thermal annealing, which is 2.46 x 1073/°C. Such difference
in the TCR values of the temperature sensor before/after the annealing process is because
thermal annealing produces big-size grains and reduces the resistivity. These measured TCR
values are typical for thin-film Pt temperature sensors [2°1:202!, Moreover, we perform the
temperature-resistance measurement for an additional two temperature sensors transferred
by LIFT, with the corresponding optical images shown in Figure 3.15. High linearity and
excellent repeatability are revealed in Figure 3.15b and 3.15d, and the TCR values of the SU-8
temperature sensor extracted from Figure 3.15b and 3.15d are 3.28 x 1073/°C and 3.29 x
1073/°C, respectively, which are close to the TCR value obtained from Figure 3.13d.
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It should be noted that for the two types of SU-8-supported microdevices (QR code and
temperature sensor), the functional metallic layer is not influenced by the transfer process, as
proven by their post-transfer functionality evaluation. This can be explained by the following

three hypotheses:

1. The first hypothesis is that the PI film used in the experiments is 5 um thick while the
absorption depth of the laser by the PI film is 0.5 um 173/, The shallow absorption depth
guarantees the rest of the PI film remains intact after the laser ablation and the transfer process

is based on the PI volume expansion, and no thermal stress is exerted on the SU-8 microdisk
(90]

2. The second hypothesis is that the SU-8 is thick enough (50 um) and has a large flexural
rigidity (5 x 1075 N-m). Compared to the 5 um thick PI used for the transfer, which has
a flexural rigidity of 2.4 x 1078 N-m, the SU-8 can be viewed as a rigid microdisk 174175,
Therefore, the mechanical stress caused by the peel-off process of the SU-8 cannot damage
the metallic structure and impact the functionality of the microdevices.

3. The last hypothesis is that the landing velocity of the SU-8-supported microdevices guar-
antees the functionality of the device is well-maintained. Other research has proven that the
landing velocity of microcomponents transferred by LIFT averages less than 30 m/s [157:158,165],
In our case, we can estimate the velocity of the transferred SU-8-supported microdevices by

using the parameters in one research 92!,

As mentioned in Chapter 1, in one research studying the PI blister, they concluded when the
laser fluence reaches 3 J/cm?, only 10 % laser energy is used for PI blister volume expansion.
In our case, since the SU-8-supported microdevice is present, it means the 10 % laser energy
will be consumed by the PI blister expansion, the peeling-off of SU-8 from the donor substrate
and the forward motion of the SU-8 towards the receiver. An estimation of the landing velocity
of SU-8 can be made when considering an extreme condition: the total 10 % laser energy (in
our case, 3.2 J/cm? laser fluence corresponds to 10 pJ laser energy) is converted into the kinetic
energy of SU-8. Since the gap distance for such transfer is relatively small (less than 20 pm), air
friction can be ignored. The calculated velocity of the SU-8 reaches 65 m/s. In reality, this 10 %
laser energy will only be partially converted to the kinetic energy of the SU-8. For example,
considering only 10 or 50 % of the rest of the laser energy is used for the forward motion of the
SU-8, the calculated velocity is 21 and 47 m/s, respectively. These two values are close to those
obtained from other research (less than 30 m/s) and if the air friction is taken into account,
the calculated velocity is even smaller. These landing velocities prevent a violent impact of the

SU-8 on the receiver and maintain the functionality of the SU-8-supported microdevices.

It is noteworthy that one can further decrease the influence of the landing velocity of SU-8-

supported microdevices by patterning electrodes on the receiver using viscous conductive
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liquids such as die-attach adhesive 164166/ and conductive epoxy %%, The viscous conductive
liquids serve as a "cushion" and the microdevice lands on these electrodes with less impact.

3.4 Large-scale transfer of SU-8 microdisks

The previous two demonstrations illustrate the capability of the LIFT setup for functional
microdevice transfer. Nevertheless, in each case, only a single or a few microdevices are
transferred to receivers, with the LIFT experiment performed manually. In order to explore the
potential of the LIFT system to complete the scalable transfer of functional SU-8 microdevices,
we utilize the g-code programming method to control the movement of the donor and receiver
stage in an automated fashion. To simplify the experiment, we utilize SU-8 microdisks as
test samples, but such transfer can be extended to functional microdevices, as shown in the

previous two sections (QR code and temperature sensor).

3.4.1 Fabrication of SU-8 microdisks and PDMS receivers

The fabrication of SU-8 microdisks follows the same process mentioned in Chapter 2 ("SU-8
donor preparation"). SU-8 microdisks are patterned in high density. Figure 3.16a presents
the smallest SU-8 microdisk area, consisting of a 10 x 10 array with a pitch distance of 200 pm
(Figure 3.16b). Each SU-8 has a diameter of 130 pm and a thickness of 50 pm. In this case, the
inner edge-to-edge distance of two consecutive SU-8 microdisks is 70 um. This distance can

be further decreased to achieve higher SU-8 array density.

Donor substrate 300 pm 550 um :
000000000 § U U !
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Figure 3.16: Dense SU-8 microdisk array for large-scale transfer. (a). One array consisting of
10 x 10 SU-8 microdisks. (b). High-magnification image of the array. The pitch distance is 200
pm.

The receiver substrate is prepared by coating a thin layer of PDMS onto a 4-inch Si wafer. The

rotation speed for the coating is set to 1900 rpm. After placing the PDMS-coated wafer in the
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ambient environment for 20 mins, the wafer is cured in an oven at 80 °C for 2 h.

3.4.2 Transfer strategy

The large-scale transfer of SU-8 microdisks is realized by controlling the movement of the
donor and receiver substrate using the g-code programming. To prove that our LIFT is capable
of adjusting the pitch distance according to our need, we increase the pitch distance of the
SU-8 microdisks on the donor substrate (200 pm) to 1000 pm on the PDMS receiver. The
programmed transfer is executed by running a g-code file, which is provided in appendix
Figure A.32. The commands in the g-code file control the movement of two stages (the donor
and receiver stage) and the operation of the laser. Different parameters can be fine-tuned in

the file, such as laser energy, laser focus, X and Y coordinates, dwelling time of the stages, etc.

The transfer strategy is shown in a simple schematic illustration in Figure 3.17. (Figure 3.17a)
sketches one array on the donor substrate, as detailed in the "Fabrication of SU-8 microdisks
and PDMS receivers" part. The first 10 SU-8 microdisks in the green dashed rectangle are
transferred (first column with the green label "1", from the bottom to the top of the array)
to the corresponding area on the receiver (green dashed rectangle in Figure 3.17b). The
donor stage then moves to the bottom of the second column, repeating the transfer process.
After transferring the first four columns (corresponding to the first row on the receiver wafer
shown in Figure 3.17b), the receiver stage moves back to the initial position with a shift in the
Y-direction. The transfer of SU-8 microdisks on the fifth column then commences. The donor
stage can move to a new SU-8 array area after transferring all the SU-8 microdisks. Multiple
SU-8 microdisk array areas are required to fulfill the mass transfer process.

3.4.3 Transfer result

Based on the g-code programming, a 40 x 30 SU-8 array is transferred (3.2 J/cm?, 1 shot) onto
the PDMS-coated 4-inch wafer, covering an area of 40 x 30 mm?. In comparison, the same
1200 SU-8 microdisks occupy an area of approximately 48 mm? on the donor substrate, which
is only one-twenty-fifth of that on the receiver. The ratio (one-twenty-fifth) can be further
decreased/increased by tuning the pitch distance of SU-8 microdisks on the donor/receiver.

Figure 3.18a displays an image of the 4-inch receiver with the transferred SU-8 array. The
40 x 30 arrays can be classified into three categories: the region without a SU-8 microdisk,
the region with SU-8 microdisks flipped on their side surfaces and regions with unflipped
microdisks. Representative images of these three regions are displayed from Figure 3.18b
to 3.18d (Region 1 to Region 3), respectively. In Figure 3.18b, twelve SU-8 microdisks are

aligned on the PDMS receiver, forming 4 x 3 arrays. In Figure 3.18c, four SU-8 microdisks in
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0® LS 2 . 4
bt
10 x 10 SU-8 array Large-scale array transferred
on the donor substrate onto the receiver substrate

Figure 3.17: Transfer strategy of SU-8 microdisks from donor to receiver (a). Illustration
of the array on the donor. The four numbers with corresponding dashed rectangles indicate
the transfer sequence. (b). [llustration of SU-8 microdisks transferred onto the receiver. The
numbers correspond to those shown in a, and the pitch distance can be fine-tuned.

the middle are missing, leading to incomplete transfer. This phenomenon can be ascribed to
the pulse-to-pulse variation of the laser. Figure 3.18d corresponds to the transfer result where
flipped SU-8 microdisks (dark area) are found. As revealed previously, the flipping arises from
inaccurate centering of the laser spot to the SU-8 center. Even slight misalignment may lead to
asymmetric momentum transferred to the microdisk. Since the gap distance is large enough
(more than 300 um), the SU-8 has the chance to land on its side.

We count the number under each category to analyze the yield rate (Y) of the SU-8 transfer
(defined as SU-8 microdisks successfully transferred onto PDMS without flipping). Here, N,
Ny, and N denote the number of SU-8 microdisks that stay on the donor (without transfer),
flip on its side surface, and land on the receiver without flipping. Therefore, the yield rate can

be expressed as:
Ny

Y=——— (3.3)
Ns+ Nf+ Ny

For the 40 x 30 array, the counted number corresponding to Ny, N, and N is 24, 250, and
926, respectively. Therefore, the calculated Y value is 77 %.

As explained previously, inaccurate centering of the laser spot with respect to the SU-8 center
is the main reason for such a low yield rate. After the first transfer process, two parameters
are explored and optimized to improve the centering and enhance the yield rate. The first
parameter is the dwelling time. Dwelling time in our g-code file is defined as the stage moving

to another position and stopping for a certain amount of time to stabilize the stage. Dwelling
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Figure 3.18: Large-scale transfer of SU-8 microdisks. (a). The transfer result of a 40 x 30
SU-8 microdisk array onto PDMS coated 4-inch wafer. The pitch distance is 1000 pum. (b-d).
High-magnification images show three regions of SU-8 microdisks that land on the receiver.
Region 1 shows a well-aligned 4 x 3 SU-8 arrays. In (c), four SU-8 microdisks in the center are
missing, and seven flipped SU-8 microdisks are observed from (d).

time is of great importance because it enables the stage to move to and remain in the correct
position before the laser shot. In our experiments, the first twenty rows are transferred with a
dwelling time of 0.4 s, while the last ten rows are transferred with a dwelling time of 0.8 s. As
aresult, fewer flipped SU-8 microdisks are found in the last ten rows, as displayed in Figure
3.18a.

The second factor that influences the final yield rate is the wafer rotation when mounting
the donor wafer onto the donor stage. Even if such rotation is small (e.g., a few milliradians),
it can accumulate and become sufficiently large to worsen the precision of the laser, thus
lowering the yield rate. Therefore, coordinate correction for each SU-8 microdisk is necessary

and completed by rewriting the g-code file.

The coordinate correction process is illustrated in Figure 3.19. The XY-plane represents the
coordinate system of the stages, and the yellow circles represent the distribution of a 10 x 10
SU-8 microdisk array on the donor. As sketched, the whole array globally rotates at an angle.
Hence, the x-coordinate for the SU-8 microdisk in the dashed red square cannot be expressed
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Figure 3.19: Coordinate calculation and correction for SU-8 microdisks. The schematic
illustration demonstrates the case when the SU-8 microdisk array has a rotation angle with
respect to the donor stage. The rotation angle can be calculated and the corresponding
coordinate for each microdisk can be deducted.

as:

Xoa=X14—dpirch (3.4)

Instead, the corrected coordinate for this SU-8 microdisk is expressed as:

XoA = X1A— dpitch x €OSO (3.5)

The small rotation angle is calculated from the formula:

Yia— Y1y
X1A — X104

tand = (3.6)

Here we use the coordinates of the first and the last SU-8 microdisks (in the first row) to

minimize the error caused by our visual observation. The y-coordinate of the SU-8 is written

as:

1B = Y14 — dpitch % SIn0 (3.7

A similar result can be obtained for SU-8 in the blue dashed square in Figure 3.19:
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X1B :xlA_dpitch x sinf (3.8)

V2a= Y14+ dpitcn x cos (3.9)

Based on the coordinate correction, the coordinate for any individual SU-8 microdisk in the

array can be summarized as:

XM = X14 = dpigen X €080 x (M —1) = dpjscp x sinf x (N —1) (3.10)

YN = Y14+ dpiren % €080 x (N —1) = dpjscp x sinf x (M —1) 3.11)

where M and N denote the M row and N column, respectively. We apply Equation 3.6 to
our LIFT system and calculate the small rotation angle. Appendix Figure A.33 shows two
micrographs of the SU-8 arrays. In Figure A.33a, the coordinate for the SU-8 in the dashed
square is (-32.592, 41.775), and the other one in Figure A.33b is (-34.385, 41.783). Therefore,
the rotation angle is calculated to be -4.5 mrads. Given that x; 4 = y; 4= 0, it can be calculated
that (x2 4, y18) and (x; g, y2 4) are approximately (-200, -0.87) and (0.87, 200), respectively (pitch

distance of 200 pm in our case).

From the calculations performed, we can draw the conclusion that when the stage moves along
Y-axis, for two consecutive SU-8 microdisks, the x-coordinate will increase by approximately
1 um (considering the minimal step for the donor stage is 1 um). A similar trend can be
concluded from the movement along the X-axis. Although such increments (1 pm) are small,
the accumulated value can strongly influence the final yield rate. Consider moving the stage
along the Y-direction; if we ignore introducing the x-coordinate shift (1 pm per SU-8 microdisk),
itis only 1 um that the laser spot misaligns with the second SU-8 microdisk. However, such
misalignment will approach 9 um for the tenth SU-8 microdisk, which accounts for 7 % of the
SU-8 diameter. Such misalignment will lead to the SU-8 microdisk flipping on its side. As a
result, the coordinate adjustment is applied to a while loop in the g-code to guarantee that the

coordinate shift adjustment of the donor stage (1 um) is executed for every SU-8 microdisk.

Figure 3.20 demonstrates the transfer of a 40 x 40 SU-8 array after the coordinate correction.
The g-code command is improved with the corrected coordinates (The g-code file is provided
in appendix Figure A.34). Simultaneously, the dwelling time is kept at 0.8 s to make the

transfer process more stable. Clearly shown in Figure 3.20a is an overview of the whole SU-8
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Figure 3.20: Large-scale transfer of SU-8 microdisks after rotation correction. (a). The
transfer result of a 40 x 40 SU-8 microdisk array onto a PDMS-coated 4-inch wafer. The pitch
distance is 1000 um. (b-d). Magnified images showing three regions of SU-8 microdisks that
land on the receiver. (b) shows a well-aligned 4 x 3 SU-8 arrays. In (c) and (d), two and four
SU-8 microdisks flipped on their side surfaces.

array on the receiver. Compared to Figure 3.18a, fewer dark regions in the array are observed,
indicating fewer SU-8 are flipped on their sides. It is worth noting that all of the 1600 SU-8
microdisks land on the receiver, while 24 SU-8 microdisks in Figure 3.18a are missing (still on
the donor). N,,, N f and N; are 0, 162, and 1438, respectively and therefore, the yield rate of
the transfer is approximately 90 %, where a 17 % improvement of the yield rate is achieved by

fine-tuning the dwelling time and the coordinates of the SU-8 microdisks.

In conclusion, our experiments demonstrate that the transfer of SU-8 microdisks has good
scalability using our LIFT system, and it is promising to extend such transfer to other functional

microsystems.

3.5 Transfer of SU-8 microdisks onto nonplanar receivers

Each transfer demonstration shown above shares a common feature: all the receivers have

a planar surface. However, due to the noncontact feature of LIFT, such transfers can be
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extended to non-planar surfaces and used to realize the assembly of 3D microstructures.
In this section, we perform several transfer experiments on various non-planar surfaces to

explore this possibility.

3.5.1 Nonplanar receiver preparation

First, 4-um-thick AZ 10XT photoresist is coated on two Si wafers, followed by the patterning
of desired microstructures with the laser writer (MLA 150). After the development, the two
wafers are etched in an SFg atmosphere with controlled time to form 70 and 140 um deep
structures. Then the two Si wafers are treated with oxygen plasma (1000 W for 1 min). A layer
of trimethylsilyl chloride silane (TMCS, Sigma-Aldrich) is coated on the wafers in a desiccator.
The PDMS is poured on the wafer and degassed in a desiccator. After these steps, the PDMS is

cured for 2 h (80 °C) in an oven and peeled off from the Si wafers.

3.5.2 Transfer result

3D assembly of SU-8 microdisks

In the first demonstration ( Figure 3.21), 5 and 7 SU-8 microdisks (diameter: 130 um, thickness:
50 um) are sequentially transferred (1.6 J/cm?, 3-6 shots) onto the PDMS receiver to form two-
layer and three-layer pyramid-like structures. For all the transfers, the SU-8 donor substrate is
in close proximity to the receiver substrate to guarantee high transfer precision, as discussed
in Chapter 3. The manufactured pyramid-like structures show the ability of our technique in
3D constructions using functional SU-8 microdisks as building blocks. This demonstration
also proves that LIFT is capable of distributing functional devices to targeted surfaces with
high density, compared to the low-dense array prepatterned on the donor substrate. In our
case, two consecutive SU-8 microdisks have a pitch distance of 400 um on the donor substrate,
while the transferred SU-8 has a much smaller pitch distance (110 um, Figure 3.21).

SU-8 microdisk transfer onto nonplanar surface and pre-structured receivers

To extend the transfer onto non-planar surfaces by LIFT, the sequential transfer of two 100
pm (diameter) x 50 pum (thickness) SU-8 microdisks on the tip of a freestanding stainless
steel needle is shown in Figure 3.22a, which might not be easily accessible via other printing
techniques. Furthermore, two additional receivers with different features are fabricated and
tested. SU-8 microdisks are transferred onto PDMS micropillars of smaller widths (width: 50
and 70 pm, height: 140 um) compared to the SU-8 microdisk diameter (Figure 3.22b). SU-8
microdisks with a diameter of 100 and 130 pm are transferred onto such PDMS pillars without

falling off. For all the transfers, the gap distance between the SU-8 donor substrate and the
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a b

Figure 3.21: 3D assembly of SU-8 microdisks. (a).SEM images of two-layer pyramid-like
structures made of sequentially transferred SU-8 microdisks. (b). SEM images of three-layer
pyramid-like structures made of sequentially transferred SU-8 microdisks.

Stainless steel/

needle tip

200 ym

Figure 3.22: SU-8 microdisk transfer onto nonplanar surfaces. (a). SEM image of the transfer
of two stacked SU-8 microdisks on the tip of a freestanding needle. Scale bar in the inset: 20
pm. (b). SEM image of the transfer of two SU-8 microdisks on 50- and 70-um wide PDMS
micropillars. The two SU-8 microdisks have a diameter of 130 and 100 um, respectively. The
height of the PDMS pillar is 140 pm. Scale bar in the inset: 30 um.

receiver substrate is kept in close proximity to increase the transfer precision.

Figure 3.23 demonstrates the transfer of the SU-8 array into PDMS concave structures that
have a depth (70 um) slightly larger than the thickness of the SU-8 microdisk (50 um). Com-
pared with the diameter of the SU-8 microdisk (100 um), the PDMS microwell has a larger
diameter (150 pum). This design allows the transfer of SU-8 microdisks into these microwells.
Figure 3.23a sketches the cross-section view of the transferred SU-8 microdisks in the PDMS
microwells, where the top side of the SU-8 is below the top surface of the PDMS. An exper-
iment is detailed in Figure 3.24 to show that transferred microdisks can be protected from
surface scratches by microwells. The scratch test is conducted using a leveling applicator,
as illustrated in Figure 3.24a. SU-8 microdisks in the microwells cannot be reached by the

leveling applicator, whereas the microdisk on the top surface of the PDMS can be moved when
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Figure 3.23: SU-8 microdisk transfer into concave microstructures (a). A simple sketch
showing the transferred SU-8 microdisks in PDMS microwells. (b) SEM image showing the
transfer of an array of SU-8 microdisks into PDMS microwells. The height of the recess is
approximately 70 um, and the lateral dimension is 150 pm in diameter.

scratched by the applicator. Figure 3.24b-c display the transferred SU-8 microdisks before
and after the scratch test. In these two micrographs, five SU-8 microdisks are transferred into
microwells, and one SU-8 microdisk is placed on the PDMS top surface by LIFT, as indicated
by the dashed white square. After the scratch, the positions of the five microdisks remain
unchanged, while the SU-8 microdisk in the dashed white square has been moved along the

scratch direction.

a
Before scratch After scratch
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/ -~ -~ @ ®
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Figure 3.24: Scratch test of the transferred SU-8 microdisk. (a). Sketch of the scratch test
using a leveling applicator. The bottom surface of the applicator is set to be approximately 20
pm above the PDMS top surface. (b-c). Experimental results before and after the scratch. The
dashed square indicates the SU-8 microdisk is transferred onto the PDMS surface while the
remaining five SU-8 microdisks are located within PDMS microwells. The PDMS microwell
has a diameter of 150 pm and a depth of 70 um. The position shift of the SU-8 microdisk
in the dashed square demonstrates that the SU-8 microdisks transferred into recesses are
uninfluenced by the scratch.

All these demonstrations reveal the potential of LIFT to precisely assemble and transfer
microscale SU-8 microdisks onto receivers having very different physical and geometrical
properties. Furthermore, by controlling the gap distance discussed in Chapter 2, the transfer

precision can be further improved to fulfill potential applications that require high precision.
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3.6 Conclusion

The LIFT demonstrations reported in this chapter substantiate the idea of transferring SU-8-
supported microdevices to various receivers while maintaining their functionality. As proof-of-
concept examples, the LIFT setup transfers two types of microdevices: a SU-8-supported QR
code and a temperature sensor. The metallic QR code’s readability is verified after the transfer,
and the adhesion between transferred SU-8 microdisks and receivers is also evaluated. The
rotation and shaking tests are first performed to examine the adhesion under high acceleration
scenarios. SU-8 microdisks on different receivers after these high acceleration experiments
support our assumption of strong adhesion. Quantitative characterization of the adhesion
force by an in-situ micromechanical testing system records the lateral force applied to the
transferred SU-8 microdisks. The displacement-load curve determines the maximum load
corresponding to the adhesion force. The results indicate that the adhesion force can be as
high as several tens/hundreds of millinewton, depending on the type of receivers and thermal
annealing treatment. The adhesion experiments in DI water further confirm that transferred
SU-8 microdisks can survive such harsh conditions for a long time, especially SU-8 samples

on Cu and PDMS receivers.

Furthermore, large-scale transfer of SU-8 microdisks using g-code programming is also imple-
mented. Two parameters, the dwelling time and the donor wafer rotation, are investigated and
optimized. By extending the dwelling time to 0.8 s and introducing coordinate shift (1 pm),
the yield rate of the transferred SU-8 microdisks increases from 77% (1200 SU-8 microdisks in
total) to 90% (1600 SU-8 microdisks in total). In the last experiment, we explore the capability
of LIFT to transfer SU-8 microdisks onto nonplanar surfaces through several demonstrations.
The sequential transfer of SU-8 microdisks to construct multi-layer pyramid-like structures
makes the 3D assembly of such microstructures possible. The transfer of SU-8 microdisks onto
a freestanding needle tip and onto PDMS micropillars verifies the claim that the LIFT process is
independent of the geometrical properties of the receivers. The last example reveals that SU-8
microdisks can be precisely transferred into PDMS microwells and the subsequent scratch
test by a leveling applicator demonstrates that microdisks in the microwells are unperturbed

by the incoming applicator.
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LIFT of Microstructures Fabricated by
Two-Photon Lithography (TPL)

4.1 Introduction

Chapter 3 summarizes the transfer of functional SU-8 microdevices, consisting of simple
SU-8 microdisks and layers deposited on top of them. Even if these simple microstructures
are successfully transferred, the LIFT technique is not limited to this and can transfer more
complex geometries. As a fast-evolving technique, two-photon lithography (TPL) is widely
used to fabricate microstructures/devices with complex geometries, notably as micro-mixers
(2031 helical micromachines 2!, microscaffolds 120>2%! micromeshes %7, microcages [2°®!,
micro-rockets 2% and microwalkers 219!, All these fabricated microstructures have been
widely used in microfluidics 2%, drug delivery 2942101 cell study 12°5-208! and micro-robots

210] , etc.

There are three main scenarios after the 3D printing of the microstructure on a surface: First,
the microstructure can be used without further modification 1293:205-207] ' Second, it is required
to move it to on the surface without precise location by simple detachment methods such as
manual transfer ?'!!, scratching the substrate surface 12! or using sacrificial layer to release
devices 213215 Finally, the microstructures need to be transferred to targeted positions and
possibly different substrates. However, up to date, there are few reports about their precise
placement/transfer. One group reported transferring micro-rockets into an acrylic-based con-
tainer by the micro-manipulation system 2%/, Another one used microtweezers to assemble
microcontainers in a stacked way, as shown in Figure 4.1a. A Japanese team employed AFM tip
to place magnetic helix microstructures into microchannels >'% (Figure 4.1b). Nevertheless,
these three demonstrations have inherent disadvantages, hindering the applications. First,
the micro-manipulation system is operated under a "pick-and-place" mode to transfer prefab-
ricated functional microstructures, so is the atomic force microscope (AFM) tip placement.
This process requires a slow and delicate operation to avoid misalignment. Moreover, the

AFM tip placement approach demands the helix structure to have thin supporting legs, which
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the tip can more easily detach, but it complicates the design and fabrication step. Therefore,
less efficient operations lead to a low throughput rate and prevent them from the large-scale

transfer of functional microstructures with high throughput.
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Figure 4.1: Two methods to manipulate TPL-fabricated microstructures. (a). Microstructure
stacking by microtweezers [208]. (b). 3D helical microswimmers manipulated by an AFM
tip [216].

As an alternative approach, LIFT has some unparalleled advantages. A laser pulse trans-
fers microdevices, and consequently, direct contact with the micro-manipulator or AFM tip
can be avoided, lowering the chance of damaging such microdevices by mechanical force.
Furthermore, the throughput rate is much higher due to the shift from the conventional "pick-
and-place" to a "lase-and-place" process by programming the transfer process. In the previous
study, the throughput rate is close to 1 pcs/s, which can be further improved. As a result, LIFT
is a powerful method to transfer TPL-fabricated microstructures with complex geometries;

meanwhile, the structural integrity and throughput rate can be maintained simultaneously.

In this chapter, we systematically analyze the transfer of TPL-fabricated microscaffold struc-
tures as test samples. The pore size is first investigated to quantify the threshold to guarantee
the damage-free transfer of such microscaffolds. Then we explore the influence of the struc-
ture size and determine the upper limit of the current LIFT setup for transfer. Finally, the size
range is considerably broadened by incorporating a supporting layer without increasing the
laser fluence and spot size. The maximum size that has been transferred reaches 880 um and

is 44-fold larger than the laser spot size.

After the parametric study, several proof-of-concept demonstrations are presented. The first
example shows the transfer of a T-shape microstructure into a targeted PDMS microchannel
with high alignment. In the second demonstration, microscaffolds loaded with inkjet-printed

Rhodamine B ink are transferred by LIFT, and the subsequent characterization helps verify the
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capability to release liquid inks. To show the potential for large-scale transfer of TPL structures,
a 7 x 7 microscaffold array is prepared on a donor substrate and then transferred onto a
PDMS-coated 4-inch Si wafer with varying pitch distances.

4.2 Materials and methods

4.2.1 TPL setup

The TPL microstructures are fabricated by a commercial TPL system (Photonic Professional
GT, Nanoscribe GmbH). It is equipped with a femtosecond-pulsed infrared laser (1=780 nm)
and four different objectives (10X, 20X, 25X, and 63X) to provide different magnifications and
resolutions. For example, the 25X objective can achieve a resolution of 600 nm and 2 pm in
X-/Y-direction and Z-direction, respectively. A galvanometric scanner and a high-resolution

XYZ stage control the movement of the laser focus and the sample substrate, respectively.

4.2.2 TPL donor preparation

The TPL microstructures are first designed with COMSOL software. Appendix Figure A.35
present five different building blocks. The dimension for each building block is 20 x 20 x 20
um?. The pore size of these building blocks varies from 2, 6, 10, 14, and 18 um and the building
block in appendix Figure A.35e has the largest hollow ratio.

As for the donor sample preparation, the first step is the PI film preparation, which has
been discussed in Chapter 2 ("SU-8 donor preparation"). A thin layer of PI (5-um-thick) is
spin-coated on 26 x 26 mm coverslips, with a subsequent curing process at 300 °C for 2h.

One droplet of IP-S photoresist (NanoScribe, GmbH) is placed on the as-prepared substrate,
and the substrate is flipped with the photoresist facing downwards. The laser is automatically
focused between the interface of PI and photoresist by immersing the 25x objective lens into
the photoresist droplet, and the two-photon laser writing is performed using dip-in laser
lithography (DILL) mode.

After the TPL printing process, samples are developed in PEGMA for 15 mins, followed by a
rinsing step in IPA for 2 mins. Then the microstructures are gently dried by N, gun and ready

for LIFT experiments.
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4.2.3 Receiver substrate preparation
Small PDMS receiver

Similar to the PDMS receiver preparation process in Chapter 2, the base and curing agent is
mixed with a mass ratio of 10:1 in a mechanical mixer. The mixture is degassed in a vacuum
desiccator and poured into a petri-dish, followed by a thermal curing process (80 °C for 2 h).

After the curing, the PDMS is cut into desired size and shape as the receiver.

PDMS receiver on 4-inch Si wafer

After degassing in the vacuum desiccator, the mixed PDMS is spin-coated (SCS6800 PDMS
coater) onto a 4-inch Si wafer with a spinning speed of 1900 rpm for 40 s. After the coating,
the wafer is kept in the ambient environment for 20 mins to homogenize the thickness on the

edges. Finally, the wafer is placed into the oven for curing (80 °C for 2 h).

4.2.4 Rhodamine B ink preparation

The Rhodamine B ink is prepared by mixing the Rhodamine B (Sigma-Aldrich, 100 mg) with
DI water (10 mL). A magnetic stirrer mixes the solution for 30 mins at a rotation speed of 1000

rpm.

4.2.5 SEM characterization of transferred microstructures

Before the SEM, TPL-fabricated microstructure samples are first sputtered (Alliance-Concept
DP 650) with a thin layer of gold (Au, 10 nm). The samples are then mounted on the holder
and transferred into the SEM (Zeiss MERLIN) chamber. The acceleration voltage is set to be 3
kV. Two tilted angles are set to take SEM images: 0° and 45 °.

4.3 Results and discussion

4.3.1 Influence of pore size

The pore size of the TPL microscaffolds is a key factor that can regulate cell behavior, control
cell loading and growth, etc. It has been extensively investigated in many cell studies 217229,
Moreover, the pore size affects the transfer result by LIFT because the microscaffold structures
may be damaged by the PI blister during the transfer process if the pore size is too large and

the backbone beam size is too small.
The experiment uses microscaffolds with five different lateral pore sizes to verify their printabil-
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ity. Based on the SU-8 microdisk transfer experiments performed in Chapter 2 and Chapter
3, the lateral dimension for one microscaffold is designed to be 100 x 100 x 100 pm?3. Each
scaffold is composed of 5 x 5 x 5 building blocks and the as-fabricated microscaffold samples
(shown in appendix Figure A.36) are mounted on the donor holder, and the PDMS receiver
is placed underneath the donor substrate. One single laser shot with a laser fluence of 0.96
or 1.6 J/cm? triggers the successful transfer onto the PDMS receiver. SEM images presented
in Figure 4.2 show that the top surface of the microscaffold adhering to the PI film before
the transfer is free from damage after the transfer. This result agrees well with our findings in
Chapter 2, where we have achieved the damage-free transfer of SU-8 microdisks.

a

Pore size: 2 um

Pore size: 10 um

Figure 4.2: Transfer results of microscaffolds on PDMS. From (a-d), the pore size increases
from 2 to 14 um. Insets: High-magnification image of one microscaffold. Scale bar in all the
insets: 20 yum.

It is worth noting that these scaffolds need less laser fluence to be transferred compared to
the laser fluence test result discussed before. In Chapter 2, we prove that only if the laser
fluence is higher than 1.6 J/cm?, a single laser pulse can transfer the SU-8 microdisk. Whereas
in this case, only 0.96 or 1.6 J/cm? is needed. This variation can be tentatively ascribed to
the different adhesion properties between the microscaffold and PI film, compared with the
adhesion property between SU-8 and Ti thin film. Furthermore, unlike the SU-8 microdisk
on the donor substrate, the effective contact area of the scaffold with PI film is less due to
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Figure 4.3: Transfer result of microscaffolds with a pore size of 18 pm. (a). Optical image of
five microscaffolds on the donor. Scale bar: 100 um. (b). Optical image of two microscaffolds
after 10 laser shots. The laser fluence is 0.96 J/cm?. The donor substrate is flipped to visualize
the PI blister. Scale bar: 100 um. (c). SEM image of the same two microscaffolds displayed in
(b). Scale bar: 100 pm.

Table 4.1: Transfer result of 100 pm large microscaffolds with different pore sizes

Pore size Laser parameter Transfer result
2 pm 1.6 J/cm? & 1 shot Transfer
6 pm 1.6 J/cm? & 1 shot Transfer

10 pm 0.96-1.6 J/cm? & 1 shot Transfer
14 pm 0.96-1.6 J/cm? & 1 shot Transfer
18 um 1.6 J/cm? & > 10 shots No transfer

the presence of pores. For example, the contact area of the scaffold displayed in Figure 4.2c
only accounts for half of its surface area because the pore size is 10 um. As this effect is not
in the scope of this thesis, this finding is not further investigated. However, further study
can be carried out to quantitatively determine the adhesion force, such as using an in-situ

microgripper system to measure the adhesion force 1221:222],

Besides these four pore sizes, we also investigate the 18 um pore size microscaffolds transfer
result. Figure 4.3a presents five microscaffolds before transfer and Figure 4.3b shows two
scaffolds that have been shot by 0.96 J/cm? laser pulse (10 shots). The two scaffolds still stay
on the donor substrate, and this image is captured by flipping the substrate to have better
visualization of the blisters under the scaffolds. The SEM image of Figure 4.3c further confirms
that the two scaffolds remain on the PI layer. Compared with the other four types of scaffolds
shown in Figure 4.2, it is possible that the scaffolds in Figure 4.3 are too fragile, and the
expanding blister can easily break the center part. Because of the broken backbone beams, the
blister fails to further impart forward momentum to the scaffold. Therefore, it can be observed
that even if multiple laser shots are used, scaffolds still stay on the donor.

The transfer results of microscaffolds with five types of pore size are listed in Table 4.1. This
result helps determine the threshold of the pore size, which is 14 pym in our case, to guarantee

the damage-free transfer of microscaffolds.
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4.3.2 Influence of TPL structure size

As mentioned above, the pore size of the scaffold influence targeted applications. For example,
one research team 2'”) demonstrated that cells could be more uniformly distributed inside
52-um-pore-size scaffolds than inside 25- and 12-pm-pore-size scaffolds. Another group
fabricated a series of scaffolds with the pore size varying from 10 to 90 um ?2%, Their study
confirmed that scaffolds with a pore size of 90 um showed the best cell growth, and cells were

densely populated after nine days.

a b
Scaffold size: 100 pm Scaffold size: 160 um
Pore size: 35 um Pore size: 56 um
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Figure 4.4: Microscaffold size study. (a-c). SEM images of 3 microscaffolds transferred on
PDMS receiver. Scaffold size increases from 100 um in (a) to 220 um in (c).

In the previous section, the maximum pore size investigated is 18 um, which is smaller with
respect to the two works mentioned above. To determine the maximum size of the microscaf-
fold that the current LIFT system can transfer, microscaffolds with three different sizes are
fabricated. All the three types of scaffolds consist of 2 x 2 x 2 building blocks, as presented in
appendix A.37. The pore-to-backbone-beam ratio is chosen as 0.7 based on the successful
transfer of scaffolds in the previous section. This ratio produces pores with the maximum size.
Building block size in the three types increases from 50 to 110 um, thus generating the largest
pore size of 77 um.

All three scaffolds with different pore sizes are successfully transferred onto the PDMS receiver,

as shown in Figure 4.4. One single shot of 0.96 and 1.6 J/cm? laser fluence is needed to
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achieve the transfer of 100- and 160-pm-large microscaffolds while two shots of 3.2 J/cm? laser
fluence is required to trigger the transfer of 220-um-large microscaffolds. If the scaffold size
continues to increase (larger than 220 um), the successful transfer is still possible by multiple
laser shots. Here, we take the 220-um-large microscaffold as the upper limit of the LIFT setup
for the successful transfer of such structures. Therefore, compared to the pore size study in
the previous section (maximum 18 pum), the LIFT setup is able to transfer microscaffold that
has a much larger pore size (around 80 um), which is close to the value that is favorable for

cell growth and dispersion [217:2201,

It should be noted that in the experiments, some defects are found at the top of the surface
scaffolds (the right one in Figure 4.4b and Figure 4.4c) and this is mainly due to bubble
formation during the TPL printing process preventing the polymerization of the photoresist.
It can be avoided by reducing the laser power during printing. Therefore, one can assume that
the LIFT transfer does not or negligibly damages the microscaffolds.

4.3.3 Influence of supporting layer

The previous section explores and finds out the upper limit of the LIFT setup to transfer a
single microscaffold, but the size is limited to 220 um. In the meantime, the LIFT system fails
to transfer scaffolds with a pore size of 18 um. Aiming to solve both the size limitation and the
frangibility of TPL microstructures, a supporting layer is introduced to the TPL microstructures

to ease the transfer.

Appendix Figure A.38 summarizes four types of scaffolds with supporting layer structures
fabricated on the donor substrate. Appendix Figure A.38a shows three scaffolds that have a
pore size of 18 um (scaffold size of 100 x 100 x 100 pm3). As proven in the previous section,
such a scaffold is unable to be transferred by the LIFT setup. In this design, we add a thin
supporting layer centered between the PI film and the scaffold with a lateral dimension of 40
x 40 pm?. Scaffolds in Figure A.38b-c have the same supporting structure, which has 100 x
100 pm? lateral dimensions (pore size of 10 um). The last image presents the largest scaffold
with a size of 880 um, and the supporting layer has a length of 220 pum. In all four images, the
supporting layer is invisible because it is at the bottom of the scaffolds.

After the LIFT experiment, such supporting layers are visible, as displayed in Figure 4.5. Figure
4.5a shows the transfer result of 100-pum-large microscaffolds with the supporting layer (0.96
J/cm?, 1 shot). This image shows that a damage-free transfer can be achieved because of the
presence of this supporting layer. This inspires the transfer of remarkably delicate and fragile

microstructures without fearing the damage caused by the transfer process.

Figure 4.5b-c demonstrates the capability of the LIFT setup to transfer larger scaffolds without
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Figure 4.5: Microscaffolds with supporting layers after the transfer process. (a). SEM image
of 3 microscaffolds transferred on PDMS receiver. The scaffold has a pore size of 18 pm, and
the lateral dimension of the supporting layer is 40 um. (b-c). Scaffolds with a lateral dimension
of 200 and 400 um, respectively. The pore and supporting layer sizes in both cases are 10 and
100 pm. (d). Scaffold with a lateral dimension of 880 um. The pore and supporting layer sizes
are 77 and 220 pum, respectively.

increasing the laser fluence or laser spot size by incorporating the supporting layer. In all
cases, incorporating this layer guarantees successful transfer with the currently available laser
parameter (single laser shot, 0.96-1.6 J/cm? for 200 and 400 pum large scaffolds). No apparent
damage is observed for all these scaffolds. Figure 4.5d shows the transfer of an 880 um large
microscaffold (1-2 shots, 3.2 J/cm?), which is close to the millimeter range. The summary of
the transfer result of different microscaffolds with the supporting layer is shown in Table 4.2.
As can be concluded, the strategy of the supporting layer is capable of transferring scaffolds
substantially large than the laser spot size (around 20 pm), which broadens the size range of

structures to be transferred (from microscale level to millimeter scale level).
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Table 4.2: Transfer result of microscaffolds with the supporting layer

Scaffold size Laser parameter Transfer result
100 pm (pore size of 18 um) 0.96 J/cm? & 1 shot Transfer
200 um 0.96-1.6 J/cm? & 1 shot Transfer
400 um 0.96-1.6 J/cm? & 1 shot Transfer
880 pm 3.2J/cm? & 1-2 shots Transfer

4.4 LIFT Demonstrations

4.4.1 Transfer of TPL microstructures into PDMS microchannels

TPL-fabricated microstructures are often used as microrobots in microfluidic channels. In
some cases, instead of laser writing them directly in the channel, microstructures are first
fabricated on a donor substrate and followed by the transfer. This fabrication strategy relies
upon two considerations. First, the movable microstructures cannot be printed directly in the
channel because the development process may wash them away. Furthermore, if the function-
alization of the microstructures is required, this strategy can avoid the contamination of the
entire microchannel area by completing the functionalization steps on the donor substrate.
For example, a research team fabricated helical structures on a source substrate and then
deposited Cr/Ni on such structures by sputtering, followed by the final transfer process 216!,
Some research also investigated surface functionalization of TPL microstructures, including

thiol-Michael addition reaction of a thiol ?23! and trichlorovinylsilane (TCVS) treatment (224]

As a proof-of-concept, this experiment helps to determine the transfer precision on the
microchannels with alighment features. T-shape TPL microstructures are fabricated and
transferred to the targeted position in the microfluidic channel. The microstructure has two
lateral dimensions: 20 and 50 pum (Figure 4.6). The transfers of the two microstructures are
performed where the gap distance is controlled to be less than 20 um. For the 20 pum large
structure, a single shot with a laser fluence of 0.32 J/cm? enables the transfer. When the
laser fluence increases to 0.96 J/cm?, the structure breaks up, indicating that although larger
fluence can transfer it, it cannot guarantee damage-free transfer. For the 50 um large structure
shown in appendix Figure A.39, one laser shot with a laser fluence of 0.96 J/cm? enables
successful transfer. It can be observed that the microstructure does not fit into the channel
and tilt against the PDMS wall. This results from the dimensions of the microchannel (21 and
51 um in Figure 4.6a and 4.6b, respectively) being slightly larger than the microstructures.
The 1 pm difference cannot guarantee that the microstructure fits into the channel. However,
after pressing by a glass plate, the tilting effect of the microstructure is eliminated, as shown
in Figure 4.6b, where the microstructure is located at the targeted position as if it is directly

printed in the channel by the laser writing system.
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Microstructure size Microstructure size: 50 yum

20 um 200 um After pressing

200 pm

Figure 4.6: Transfer of T-shape microstructures into PDMS microchannels. (a). SEM image
of a 20 um large T-shape structure to the targeted position in the channel. Scale bar in the
inset: 20 um. (b). SEM image of a 20 um large T-shape structure to the targeted position in the
channel after pressing. Scale bar in the inset: 20 um.

Although we only test a few such microstructures, the alignment accuracy of the transferred
microstructure and the repeatability of such transfers can be guaranteed because the mi-
crostructure and the PDMS microchannel are in close proximity. As discussed in Chapter 2,
the transfer precision of microstructure can be high under smaller gap distances (e.g., close
proximity). For the yield, as discussed in Chapter 3, the proper laser fluence enables the

transfer of all the microstructures (1600 SU-8 microdisks in Chapter 3) onto the receiver.

In short, this demonstration proves that it is practical to transfer microstructures into mi-
crochannels. The misalignment between the microstructure and the microchannel can be
solved using a wider channel, which does not require perfect fitting between the microstruc-

ture and the channels.

4.4.2 Transfer of TPL structures filled with liquid ink

Besides utilizing microscaffolds as a 3D microenvironment for cell growth, TPL microscaffolds
are often used as carriers/capsules and filled by inkjet-printed functional inks for delivery sys-
tems 2252271 As a proof-of-concept experiment, microscaffolds filled with liquid Rhodamine
B ink are transferred to targeted receivers and the transfer result is characterized. The choice

of Rhodamine B dye is motivated by its color, which allows a qualitative visual inspection.

Figure 4.7a presents the fabricated scaffolds array. The Rhodamine B ink is printed into
microscaffolds by an inkjet printing system. The nozzle diameter for inkjet printing is 60 um,
and each scaffold is loaded with 20 droplets. Figure 4.7b displays the same microscaffold
array after the ink filling.

After the inkjet printing step, the scaffold sample is mounted on the donor holder in the

101



Chapter 4. LIFT of Microstructures Fabricated by Two-Photon Lithography (TPL)
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Figure 4.7: Optical images of transferred of Rhodamine B ink loaded microscaffolds. (a). 4 x
4 microscaffold arrays. The scaffold has a dimension of 120 x 120 x 120 um? with a pore size of
12 um. (b). Same array after inkjet printing of the Rhodamine B ink. (c). Four microscaffolds
transferred onto the PDMS receiver. Inset: Magnified image of one microscaffold. The red part
indicates the existence of the Rhodamine B ink. Scale bar in the inset: 20 ym. (d). Traces left
by the transferred microscaffolds in comparison to the microscaffolds left on the donor.

LIFT system. The LIFT parameter is set to be 1.6 J/cm? and 1-2 laser shots. In total, four
microscaffolds are transferred onto a PDMS receiver, as shown in Figure Figure 4.7c. The
Rhodamine B ink is not evident in this figure, but from the close-up image, we can identify
that the Rhodamine B ink is loaded in the microscaffold, as indicated by the red color. Figure
4.7d presents the post-transfer characterization of the donor substrate. The comparison of
the transferred and non-transferred microscaffolds further proves that negligible Rhodamine
B ink is left on the donor substrate once a microscaffold is transferred. This guarantees no ink
loss during the transfer process, which is of great interest for potential drug/functional ink

delivery.

Then we conduct the subsequent ink release test, and the results are presented in Figure 4.8.
A droplet of DI water is placed on top of these four microscaffolds, and images are captured
after 2, 6, 10, 20, 40, and 60 mins. From Figure 4.8a to Figure 4.8e, it can be concluded that
the Rhodamine B ink filled in the microscaffolds can be released when immersed in DI water.
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10 mins

20"mins

Figure 4.8: Rhodamine B ink release experiment after LIFT process. (a-f). Rhodamine B ink
release process when placing one droplet of DI water onto these microscaffolds. Images are
captured at 2, 6, 10, 20, 40, and 60 mins after placing the DI water. The color change of the DI
water indicates the release of the ink. In (f), the water droplet evaporates completely.

At the beginning (2 mins), the droplet has no color. As time evolves, the color of the droplet
becomes red, which is a joint result of the ink release and water volume reduction. Finally, the
DI water evaporates completely, leaving the microscaffold and the Rhodamine B on the PDMS
surface, as shown in Figure 4.8f.

This proof-of-concept demonstrates that microscaffolds filled with water-based ink are suc-
cessfully transferred to another substrate by the LIFT method and be used as a drug/ink
delivery system.

4.4.3 Programmed transfer of TPL structures

An array of TPL-fabricated microscaffold structures are successfully transferred. Figure 4.9
presents the optical image of this 7 x 7 microscaffold array (microscaffold size: 100 x 100
x 100 um?®) on the donor after the laser writing (structure design shown in appendix Figure
A.40). The pitch distance for two consecutive scaffolds is 200 um. Slightly different from
the demonstrations in Chapter 3, which uses a constant pitch distance of 1000 um, here we
introduce a varying pitch distance strategy to cover a large area with fewer microstructures.

Figure 4.10a presents the 7 x 7 microscaffold arrays transferred onto a PDMS-coated 4-inch
wafer with a single laser pulse (1.6 J/cm?). The g-code file controlling the transfer process is

provided in appendix Figure A.41 and the whole transfer process is less than 50 s, which shows
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a

Figure 4.9: 7 x 7 microscaffold array on the donor. (a). Optical image presenting the mi-
croscaffold array. The pitch distance is 200 pym. (b). The high-magnification image of the
dashed area in (a), showing a 2 x 2 arrays. The scaffold has a pore size of 10 um.

Region 1

Figure 4.10: Transfer result of the microscaffold array. (a). Simple sketch showing the
distribution of the 49 microscaffolds on the receiver after transfer. In vertical and horizontal
directions, the pitch distance varies from 2000 to 12000 um. (b). Optical image of the 4-inch
receiver with all the 49 transferred microscaffolds, forming a 7 x 7 array with varying pitch
distance. (c). High-magnification image of Region 1. A 2 x 2 scaffold array is displayed in this
image with a pitch distance of 2000 um. (d). High-magnification image of 1 scaffold in (c).

LIFT is an excellent candidate for transferring TPL-fabricated microstructures on a large scale
with a high-throughput rate. For each row, the pitch distance increases from 2000 pm to 12000
pm with an increment of 2000 um, and the pitch distance variation applies to each column
as well. As a result, this 7 x 7 array on the wafer accounts for an area of 42 x 42 mm?, while
these 49 microscaffolds only cover an area of 1.4 x 1.4 mm? on the donor substrate. Therefore,
programming the transfer process achieves a 900-fold increase in the area. Figure 4.10b shows
2 x 2 arrays with a pitch distance of 2000 um. The slight rotation of the microscaffold in Figure
4.10c is caused by the rotation angle discussed in Chapter 3.
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4.5 Conclusion

In this chapter, we present the transfer of TPL-fabricated microstructures by LIFT. Several
parameters are first investigated, including the scaffold pore size, scaffold size, and support-
ing layer. The pore size investigation reveals that when the pore-to-backbone-beam ratio
increases, the scaffold is less likely to be transferred, even with multiple laser shots, due to the
frangibility of the scaffolds. The maximum ratio for successful transfer is 0.7, and a value of
0.9 (corresponding to a pore size of 18 um with a backbone beam size of 2 um) fails to trigger
the transfer. As for the scaffold size experiments, microstructures with three different sizes are
prepared and tested. The transfer results indicate that the maximum size of the structure to
be transferred by the LIFT setup is 220 um. To transfer fragile microscaffolds and extend the
possible scaffold size range, a smaller supporting layer is introduced. The presented results
show that successful transfer is achievable with this additional layer, both for fragile and much

larger scaffolds.

Moreover, several demonstrations are provided to show the practicability of LIFT to trans-
fer microstructures. The first example is the transfer of T-shape microcomponents into a
PDMS microfluidic channel. The experimental result confirms that precise transfer of the mi-
crostructure to the targeted position is achievable, and this example paves the way for placing
microstructures that require functionalization into microchannels without influencing the
microchannel properties. The following demonstration shows the potential of LIFT to trans-
fer functional ink-filled microscaffolds to targeted receivers while keeping the ink free from
leakage. The following ink release tests prove that the loaded ink can be released with proper
conditions. In the last, we demonstrate an upscaled transfer of a 7 x 7 array, which proves that
LIFT is compatible with the massive transfer of TPL microstructures. All the transfer results
reported in this chapter lays a solid foundation for the exploration of transferring complex

and fragile microstructures in a damage-free way.
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In this chapter, we summarize the main results obtained from the thesis and propose possible
research plans for future work.

5.1 Conclusion

This thesis starts with a systematic study of four different variables that influence the results
of transferring SU-8 microdisks by LIFT. The optimized parametric combination guarantees
successful and damage-free transfer of SU-8 microdisks with high transfer precision. Then
we functionalize the SU-8 microdisks with metallic QR codes and temperature sensors and
perform the transfer, with subsequent functionality verification. Besides transfers of the
two functional microdevices, transfer demonstrations, including large-scale transfer of SU-8
microdisks and transfer of SU-8 microdisks onto non-planar receivers, are discussed to reveal
the capability of LIFT. Lastly, the transfer is further extended to TPL-fabricated complex and
fragile microstructures. Below is the summary of the contribution of this thesis:

1. Parametric study of four variables that influence the SU-8 microdisk transfer result

Four variables are studied in detail, including the laser fluence, PI thickness, SU-8
thickness and donor-to-receiver gap distance. Laser fluence experiments define two
transfer regimes of SU-8 microdisks: no transfer (lower laser fluence, e.g., 0.32 J/cm?)
and successful transfer (sufficient laser fluence, e.g., = 0.96 J/cm?). Specifically, the
difference in the PI blister dimension with/without the SU-8 microdisk is experimentally
verified. The results prove that the SU-8 microdisk suppresses the PI blister’s volume
expansion, and part of the energy for PI blister volume expansion is used for SU-8
peeling-off process and the subsequent forward motion to the receiver substrate. This
result also proves that PI blister rupture is less likely to happen with the existence of the
SU-8 microdisk.
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As for the investigation of PI thickness, a thin PI film (1 pm) results in a ruptured PI
blister, even in the presence of a SU-8 microdisk. PI film thicker than 1 um enables the
successful transfer of SU-8 microdisks without the PI blister rupture, which results from
the mechanical resistance of the thicker PI film to the influence of the laser fluence.
Subsequently, SU-8 microdisk samples with four different thicknesses are prepared and
tested to verify the structural integrity of transferred SU-8 microdisks. The results ascer-
tain that thicker SU-8 microdisks are less susceptible to damage by the LIFT process.
When the SU-8 thickness is no larger than 20 um, no intact microdisks are transferred,
whereas successful transfer of damage-free SU-8 microdisks is achieved when the thick-
ness increases to 50 um. The last variable being explored is the donor-to-receiver gap
distance. The results reveal that with a smaller gap distance, SU-8 microdisks are able to
be transferred with high precision. When the gap distance reaches a large value (e.g., 370
pum), distinguishable lateral displacement, rotation and flipping occur. The parametric
study in this chapter lays a solid foundation for functional microdevices/microstructures

transfer in the following chapters.

SU-8-supported microdevice transfer demonstrations

With the optimized variable combinations mentioned above, functional microdevices,
consisting of SU-8 microdisks and metallic structures on top of them, are transferred
to various receivers. The first type of microdevices being tested is SU-8-supported QR
codes. These QR codes are transferred onto different receivers by LIFT, and the post-
transfer analysis is conducted by checking their readability. Three types of adhesion
tests are performed to examine the adhesion force between transferred SU-8 microdisks
and a series of receivers. The results reveal that transferred SU-8 microdisks have strong
adhesion on receivers, especially after thermal annealing treatment. Another experi-
ment verifies the survival of transferred SU-8 microdisks under harsh conditions, i.e.,
immersion in DI water. The second demonstration is the transfer of SU-8-supported
temperature sensors. The transferred temperature sensor contacts electrically with the
prepatterned electrodes on the receiver and the subsequent TCR measurement of the
temperature sensor further reveals that the electrical functionality of the temperature
sensor is well-preserved. Besides these two single microdevice transfer demonstrations,
we broaden the LIFT applications to the massive transfer of these microdisks in an
automated prototype. The flipping phenomenon of SU-8 microdisks during the up-
scaled transfer process is alleviated by increasing the dwelling time and correcting the
wafer rotation. A 90 % yield rate is achieved with a 40 x 40 array transfer demonstration.
Finally, the LIFT system is applied to demonstrate transfers of SU-8 microdisks onto
non-planar surfaces, highlighting the contactless characteristics and receiver diversity
of the LIFT technique. All the results in this chapter confirm that functional microdevice

transfers can be accomplished individually and on a large scale, both on conventional
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planar surfaces and non-planar receivers.

. TPL-fabricated microstructure transfer demonstrations

As a classical microstructure, microscaffolds with different pore sizes are first transferred.
Transfer results reveal that LIFT is able to transfer microscaffolds with various pore sizes.
However, if the pore size is too large (e.g., 18 pm, accounting for 90 % percent of the
microscaffold size), even multiple laser shots fail to trigger the transfer, which can
be ascribed to the breakage of the microscaffold by the PI blister. The dependence
of the microscaffold size on the transfer result is then studied. In this experiment,
microscaffold size varies from 100 to 220 pm. For 220 um large microscaffold, several
3.2J/cm? laser pulses are required to guarantee the transfer, which can be taken as the
dimension limit of the transferable microscaffold using the LIFT system. To overcome
the current size limitations of microscaffolds and transfer fragile microscaffolds, a small
supporting layer is added between the donor substrate and the microscaffold. As a
result, fragile microscaffolds (pore size of 18 um) and large microscaffolds (dimension
size of 880 um) are successfully transferred without damage. After the parametric study,
the LIFT system is applied to transfer a T-shape microstructure into a microchannel.
A high transfer precision can be achieved to place the microstructure in the targeted
position. In addition, microscaffolds loaded with Rhodamine B ink are transferred onto
the PDMS receiver without ink leakage and the subsequent ink release test proves that
such inks can be easily released. In the last demonstration, we apply the large-scale

transfer strategy to transferring a 7 x 7 microscaffold array onto a 4-inch wafer.

For the first time, our experiments prove that LIFT is a facile but effective and time-
saving approach to transfer TPL-fabricated complex and fragile microstructures. Our
research also greatly broadens the choice of microstructures to be transferred by LIFT.

In general, the proposed methods and experimental outcomes in this thesis provide guidance

for transferring functional microdevices/microstructures in a damage-free way with high

precision. The parametric study clarifies the influences of four critical variables. Then the

optimized parametric combination is utilized for functional SU-8-supported microdevice

transfers. Last, LIFT is extended to transfer complex and fragile TPL-fabricated microstruc-

tures. All these prove that LIFT, capable of achieving non-destructive, high-precision and

large-scale transfer, offers unparalleled advantages in the realization of the integration of

diverse microdevices/microstructures, which has tremendous prospects in various fields such

as ultrathin dies bonding and massive pLEDs placement.
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5.2 Outlook

1. PI thickness measurement after LIFT experiments

110

Chapter 2 has experimentally investigated the formation of PI blister, which is due to
the PI ablation process. Simulation results also confirm the reduction in the PI thickness
at the laser-ablated area. However, a quantitative study of the thickness is still required.
Since the PI blister is relatively thin and small, the focused ion beam (FIB) technique
can be used to cut the PI blister and reveal the cross-section profile of a particular
blister. Then the thickness of the ablated PI film can be obtained by the SEM image and
compared with that corresponding to the nonablated area. This experiment will help
determine the influence of laser fluence on the ablation of PI film.

Quantifying the adhesion of SU-8 microdisks on the donor substrate

In Chapter 2, a thin layer of Ti is first sputtered onto the PI layer, followed by the SU-
8 patterning process. The reason for adding the Ti layer is to reduce the adhesion
between the SU-8 microdisks and the donor substrate 2282291 which facilitates the
SU-8 microdisk transfer. In a previous experiment, we find that when directly patterning
SU-8 microdisks on the PI layer, the adhesion is too strong to allow the LIFT system
to transfer SU-8 microdisks, even with 3.2 J/cm? laser fluence (multiple laser shots).
Therefore, the quantification of adhesion force is of great importance to understanding

the SU-8 separation process.

Inspired by the micropillar lateral force tests discussed in Chapter 3, the adhesion force
measurement on the normal direction can be performed by a microgripper system
(221,222] " In order to grasp the SU-8 microdisk and apply normal load upon it, a T-
shape SU-8 microstructure is supposed to be designed, as shown in Figure 5.1. TPL
can be utilized to fabricate such a structure and subsequent microtensile testing can
be employed to quantify the adhesion force between SU-8 microdisks and the donor
substrate. This method also applies to quantifying the adhesion force between TPL-

fabricated microscaffolds and the PI layer as mentioned in the previous chapter.

Real-time observation of the microdevice separation process

Direct observation of the material/device transfer process is often used in LIFT exper-
iments to understand the transfer dynamics and calculate the velocity of transferred
materials/devices [">1%5, The proposed method to image the microdevice in the trans-
fer process is shown in Figure 5.2. To shed light on the relationship between the laser
pulse energy and the velocity of the transferred microdisk, a simple energy model can

be established, as expressed below:

Ep = Eki + Ejost (5.1)
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Figure 5.1: Proposed adhesion test of SU-8 microdisks patterned on the donor substrate.
The adhesion test is performed by fabricating a T-shape SU-8 microstructure and applying
normal load by the microgripper to separate it from the donor substrate.

where Ep, Eg; and Ej,5; denote the laser fluence, the kinetic energy of the flying mi-
crodisk and the energy consumed by other processes. As discussed before, a series of
processes (PI film ablation, PI blister expansion, SU-8 microdisk delamination from the
donor substrate, etc.) consume the laser fluence and only a small portion of the laser
fluence contributes to the kinetic energy. The kinetic energy of the flying microdisk, as a

function of the velocity, can be written as:

2

Ekizixmxy (5.2)

where m and v represent the mass and velocity of the microdisk.

Therefore, with the velocity data obtained by the high-speed camera, the kinetic energy
can be calculated. Furthermore, we can determine the efficiency () of the transfer

process as follows:
n=Cki (5.3)
E, '
By calculating the efficiency value under different laser energies, the relationship be-
tween the efficiency and laser fluence can be plotted, which can offer guidance in

choosing the proper laser fluence for microdevice transfer.
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Chapter 5. Conclusion and Outlook

a

Substrate

SuU-8

Light
source

Receiver

Figure 5.2: Time-resolved imaging of SU-8 microdisk velocity. The imaging system consists
of a high-speed camera and a light source.
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LY An appendix

A.1 Metal number patterned SU-8 microdisk

Figure A.1: Metal number patterned SU-8 microdisk. Ten SU-8 microdisks are shown in the
image. Metal numbers (Cr/Au, 5/50 nm) "10", "20", "30", and "40" are patterned on top of the
SU-8 microdisks by stencil lithography.
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A.2 SU-8 microdisk transfer with a laser fluence of 0.32 J/cm?

No transfer, 0.32 J/cm?, >30 pulses

Donor PDMS receiver

Figure A.2: SU-8 microdisk transfer with laser fluence of 0.32 J/cm?. The SU-8 microdisk
fails to be transferred even with multiple shots. The donor image shows that the center of the
SU-8 is damaged by laser shots, and no SU-8 microdisk is transferred onto the corresponding
PDMS receiver.
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A.3 Pl blister created by 1.6 J/cm? laser fluence

A.3 Pl blister created by 1.6 J/cm? laser fluence

a b

Ar—s pJ_2 shots_X
- - = 5pJ_2shots_Y

€

3 3F 1.6 Jcm?

z

=

2 2t

—

2

2

m 1k

0] ] 3 i x :
mm 0 40 80 120 160

Lateral dimension (um)
Figure A.3: PI blister created by 1.6 J/cm? laser fluence. (a). SEM image of ten blisters after

the transfer process. (b). Magnified SEM image of one blister in (a). (c). Contour map of the PI
blister. (d). The cross-sectional profile of the PI blister.

115



Appendix A. An appendix

A.4 Pl blister created by 1.92 J/cm? laser fluence

a b
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Lateral dimension (um)

Figure A.4: PI blister created by 1.92 J/cm? laser fluence. (a). SEM image of ten blisters after
the transfer process. (b). Magnified SEM image of one blister in (a). (c). Contour map of the PI
blister. (d). The cross-sectional profile of the PI blister.

116



A.5 PI blister created by 2.56 J/cm? laser fluence

A.5 Pl blister created by 2.56 J/cm? laser fluence
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Figure A.5: PI blister created by 2.56 J/cm? laser fluence. (a). SEM image of ten blisters after

the transfer process. (b). Magnified SEM image of one blister in (a). (c). Contour map of the PI
blister. (d). The cross-sectional profile of the PI blister.
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A.6 Pl blister created by 3.2 J/cm? laser fluence
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Figure A.6: PI blister created by 3.2 J/cm? laser fluence. (a). SEM image of ten blisters after
the transfer process. (b). Magnified SEM image of one blister in (a). (c). Contour map of the PI
blister. (d). The cross-sectional profile of the PI blister.
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A.7 PI blister volume calculation in the presence of the SU-8 microdisk (5 pm thick PI)

A.7 PI blister volume calculation in the presence of the SU-8 mi-
crodisk (5 pm thick PI)

from scipy import integrate
import math

10uJ cal.

# define the function
# Lorenz distribution

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y@+(2*A/math.pi)*(w/(4*(x-xc)**2+w**2))))
v,err = integrate.quad(f,-38,30, args=(-0.079,-0.98,17.137,88.358))

print(v)

1851.3011682199672

8ulJ cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y0+(2*A/math.pi)*(w/(4*(x-xc)**2+w**2))))
v,err = integrate.quad(f,-35,30, args=(-0.0729,-1.094,16.198,79.196))

print(v)

1590.2123510008391

6uJ cal.

def f(x,y0,xc,w,A):

return abs(math.pi*x*(y0+(2*A/math.pi)*(w/(4*(x-xc)**2+w**2))))
v,err = integrate.quad(f,-30,30, args=(-0.0555,-1.242,14.623,60.968))
print(v)

1138.1387303380027

5uJ cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y@+(2*A/math.pi)*(w/(4*(x-xc)**2+w**2))))
v,err = integrate.quad(f,-35,30, args=(-0.0823,-1.057,21.225,76.562))

print(v)

1635.3547494811098

3uJ cal.

def f(x,y0,xc,w,A):

return abs(math.pi*x*(y0+(2*A/math.pi)* (w/ (4% (x-xc)**2+u**2))))
v,err = integrate.quad(f,-30,30, args=(-0.1364,-1.152,30.847,82.382))
print(v)

1606.289656110019

Figure A.7: PI blister volume calculation in the presence of the SU-8 microdisk (5 pm thick
PI). The blister volume calculation is based on the Lorentzian peak fitting and subsequent
integration.
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A.8 Blisters created by 1.6 J/cm? laser fluence (2 shots) on the free

surface of P1
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Figure A.8: Blisters created by 1.6 J/cm? laser fluence (2 shots) on the free surface of PI. (a).
SEM image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour
map of the PI blister. (d). Cross-section profile of the PI blister.

120



A.9 Blisters created by 1.92 J/cm? laser fluence (1 shot) on the free surface of PI

A.9 Blisters created by 1.92 J/cm? laser fluence (1 shot) on the free

surface of PI
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Figure A.9: Blisters created by 1.92 ]/ cm? laser fluence (1 shot) on the free surface of PI. (a).
SEM image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour
map of the PI blister. (d). Cross-section profile of the PI blister.
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A.10 Blisters created by 2.56 J/cm? laser fluence (1 shot) on the free

surface of PI
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Figure A.10: Blisters created by 2.56 J/ cm? laser fluence (1 shot) on the free surface of PI. (a).
SEM image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour
map of the PI blister. (d). Cross-section profile of the PI blister.
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A.11 Blisters created by 3.2 J/cm? laser fluence (1 shot) on the free surface of PI

A.11 Blisters created by 3.2 J/cm? laser fluence (1 shot) on the free

surface of P1
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Figure A.11: Blisters created by 3.2 J/ cm? laser fluence (1 shot) on the free surface of PI. (a).
SEM image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour
map of the PI blister. (d). Cross-section profile of the PI blister.
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A.12 PI Blisters created by 0.96 J/cm?® & 1 shot on the free surface of
PI
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Figure A.12: PI Blisters created by 0.96 J/cm? & 1 shot on the free surface of PI. (a). SEM
image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour map
of the PI blister. (d). Cross-section profile of the PI blister.
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A.13 PI Blisters created by 0.32 J/cm? & 1 shot on the free surface of PI

A.13 PI Blisters created by 0.32 J/cm?® & 1 shot on the free surface of
PI
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Figure A.13: PI Blisters created by 0.32 J/cm? & 1 shot on the free surface of PI. (a). SEM
image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour map
of the PI blister. (d). Cross-section profile of the PI blister.
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A.14 PI Blisters created by 0.32 J/cm? & 10 shots on the free surface
of PI
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Figure A.14: PI Blisters created by 0.32 J/cm? & 10 shot on the free surface of PI. (a). SEM
image presenting the six blisters. (b). Magnified SEM image of one blister. (c). Contour map
of the PI blister. (d). Cross-section profile of the PI blister.
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A.15 PI blister volume calculation in the absence of the SU-8 microdisk (5 pm thick PI)

A.15 PI blister volume calculation in the absence of the SU-8 mi-

crodisk (5 pm thick PI)

from scipy import integrate
import math

3uJ)_4shots_cal.

# Define the function
# Gaussian distribution

def f(x,y0,xc,w,A):
return abs(math.pi*x*(ye + A/(w*math.sqrt(math.pi/(4*math.log(2))))*math.exp(-:

v,err = integrate.quad(f,-35,35, args=(0.106,-0.649,22.605,238.213))
print(v)

6145.2928112810805

3ul)_1shot_cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(ye + A/(w*math.sqrt(math.pi/(4*math.log(2))))*math.exp(-:

v,err = integrate.quad(f,-25,25, args=(-0.06,-0.803,19.219,181.971))

print(v)

3587.0786941445053

Tu)_10shots_cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(ye + A/(w*math.sqrt(math.pi/(4*math.log(2))))*math.exp(-:

v,err = integrate.quad(f,-25,25, args=(0.068,-1.138,18.375,58.582))

print(v)

1283.9359832526848

TuJ_1shot_cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(ye + A/(w*math.sqrt(math.pi/(4*math.log(2))))*math.exp(-:

v,err = integrate.quad(f,-15,15, args=(0.008,-0.467,12.576,32.065))

print(v)

427.9460330324896

4*math.log(

4*math.log(

4*math.log(

4*math.log(

Figure A.15: PI blister volume calculation in the absence of the SU-8 microdisk (5 pum thick
PI). The blister volume calculation is based on the Gaussian peak fitting and subsequent

integration.
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A.16 PI Blisters created by 0.96 J/cm?® & 1 shot in the presence of the
SU-8 microdisk (1 pm thick PI)

""""" 100pm | : 10pm |
Figure A.16: PI Blisters created by 0.96 J/cm? & 1 shot in the presence of the SU-8 microdisk
(1 pm thick PI). (a). SEM image presenting the ten blisters. (b). Magnified SEM image of one
blister.

128



A.17 PI Blisters created by 3.2 J/ cm? & 1 shot in the presence of the SU-8 microdisk (7 pm
thick PI)

A.17 PI Blisters created by 3.2 J/cm? & 1 shot in the presence of the
SU-8 microdisk (7 pm thick PI)
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Figure A.17: PI blister created by 3.2 J/ cm? laser fluence on a7 -pm-thick PI film. (a). SEM
image presenting the ten blisters. (b). Magnified SEM image of one blister. (c). Contour map
of the PI blister. (d). Cross-section profile of the PI blister.
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A.18 PI Blisters created by 3.2 J/cm? & 1 shot in the presence of the
SU-8 microdisk (9 pm thick PI)
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Figure A.18: PI blister created by 3.2 J/ cm? laser fluence on a 9-pm-thick PI film. (a). SEM
image presenting the ten blisters. (b). Magnified SEM image of one blister. (c). Contour map
of the PI blister. (d). Cross-section profile of the PI blister.
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A.19 PI Blisters created by 3.2 J/cm? & 1 shot in the presence of the SU-8 microdisk (11 pm
thick PI)

A.19 PI Blisters created by 3.2 J/cm? & 1 shot in the presence of the
SU-8 microdisk (11 pm thick PI)
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Figure A.19: PI blister created by 3.2/ cm? laser fluence on an 1 1-pum-thick PI film. (a). SEM
image presenting the ten blisters. (b). Magnified SEM image of one blister. (c). Contour map
of the PI blister. (d). Cross-section profile of the PI blister.
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A.20 PI blister volume calculation in the presence of the SU-8 mi-
crodisk on different thick PI films

from scipy import integrate
import math

10u)J&7um PI cal.

# define the function
# Lorenz distribution

def f(x,y0,xc,w,A):

return abs(math.pi*x*(y@+(2*A/math.pi)*(w/ (4*(x-XC)**2+w**2))))
v,err = integrate.quad(f,-36.5,36.5, args=(-0.051,-1.04,16.31,60.991))
print(v)

1308.5563514857909

10u)J&3um PI cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y@+(2*A/math.pi)*(w/ (4*(x-XC)**2+w**2))))
v,err = integrate.quad(f,-30.25,30.25, args=(-0.265,-0.47,23.28,254.723))

print(v)

5314.106063298359

10uJ&9um PI cal.

def f(x,y0,xc,w,A):

return abs(math.pi*x*(y@+(2*A/math.pi)*(w/ (4*(x-XC)**2+w**2))))
v,err = integrate.quad(f,-38.1,38.1, args=(0.017,0.345,26.679,20.94))
print(v)

696.259007939116

10uJ&11um PI cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y@+(2*A/math.pi)*(w/ (4*(x-xc)**2+w**2))))
v,err = integrate.quad(f,-39.05,39.05, args=(-0.851,-8.312,46.15,22.79))

print(v)

466.532254454341

Figure A.20: PI blister volume calculation in the presence of the SU-8 microdisk on different
thick PI films. The blister volume calculation is based on the Lorentzian peak fitting and
subsequent integration.
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A.21 PI Blisters created by 3.2 J/cm? & 1 shot and 0.96 J/cm? & 1 shot on the free surface of
PI (1 pm thick PI)

A.21 PI Blisters created by 3.2 J/cm? & 1 shot and 0.96 J/cm? & 1 shot
on the free surface of PI (1 pm thick PI)

3.2 J/lcm?_1 shot_1 ym thick PI

6]

O
¢}

(¢]
€}

0.96 J/cm2_1 shot_1 um thick Pl

0
(€]

0
(¢]

——————————

0
0

100 pym

Figure A.21: PI Blisters created by 3.2 J/cm? & 1 shot and 0.96 J/cm? & 1 shot on the free
surface of PI (1 um thick PI). (a). SEM image presenting the six blisters created by 3.2 J/cm? &
1 shot. (b). Magnified SEM image of one blister. (c¢). SEM image presenting the six blisters
created by 0.96 J/cm? & 1 shot. (d). Magnified SEM image of one blister.
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A.22 PI Blisters created by 3.2 J/cm? & 1 shot on the free surface of
PI (3 pm thick PI)
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Figure A.22: PI Blisters created by 3.2/ cm? & 1 shot on the free surface of PI (3 pm thick PI).
(a). SEM image presenting the six blisters. (b). Magnified SEM image of one blister.
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A.23 PI Blisters created by 3.2 J/cm? & 1 shot on the free surface of PI (7 pm thick PI)

A.23 PI Blisters created by 3.2 J/cm? & 1 shot on the free surface of

PI (7 pm thick PI)
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Figure A.23: PI Blisters created by 3.2 J/ cm? & 1 shot on the free surface of PI (7 pm thick PI).
(a). SEM image presenting the six blisters. (b). Magnified SEM image of one blister.
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A.24 PI Blisters created by 3.2 J/cm? & 1 shot on the free surface of
PI (9 pm thick PI)
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Figure A.24: PI Blisters created by 3.2/ cm? & 1 shot on the free surface of PI (9 pm thick PI).
(a). SEM image presenting the six blisters. (b). Magnified SEM image of one blister.
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A.25 PI Blisters created by 3.2 J/cm? & 1 shot on the free surface of PI (11 pm thick PI)

A.25 PI Blisters created by 3.2 J/cm? & 1 shot on the free surface of
PI (11 pm thick PI)
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Figure A.25: PI Blisters created by 3.2 J/cm? & 1 shot on the free surface of PI (11 um thick
PI). (a). SEM image presenting the six blisters. (b). Magnified SEM image of one blister.
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A.26 PI blister volume calculation in the absence of the SU-8 mi-
crodisk on different thick PI films

from scipy import integrate
import math

10u)J&7um PI cal.

# Define the function
# Gaussian distribution

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y@ + A/(w*math.sqrt(math.pi/(4*math.log(2))))*math.exp(-4*math.log(

v,err = integrate.quad(f,-36.75,36.75, args=(-0.03,-0.46,28.7,287.6))
print(v)

8571.326440812914

10u)J&9um PI cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y@ + A/(w*math.sqrt(math.pi/(4*math.log(2))))*math.exp(-4*math.log(

v,err = integrate.quad(f,-38.5,38.5, args=(0.000016,-1.23,20.42,119.08))

print(v)

2614.276807695113

10uJ&11um PI cal.

def f(x,y0,xc,w,A):
return abs(math.pi*x*(y@ + A/(w*math.sqrt(math.pi/(4*math.log(2))))*math.exp(-4*math.log(

v,err = integrate.quad(f,-36.75,36.75, args=(0.026,0.70,17.44,46.90))

print(v)
984.8634968170755
# define the function
# Lorenz distribution
def f(x,y0,xc,w,A):
return abs(math.pi*x*(y0+(2*A/math.pi)* (w/ (4*(x-xc)**2+w**2))))
v,err = integrate.quad(f,-36.75,36.75, args=(-0.073,0.785,15.127,67.697))

print(v)

1335.1862299328916

Figure A.26: PI blister volume calculation in the absence of the SU-8 microdisk on different
thick PI films. The blister volume calculation is based on the Lorentzian peak fitting and
subsequent integration.
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A.27 Transfer results of SU-8 microdisks with different SU-8 thicknesses (on the donor)

A.27 Transfer results of SU-8 microdisks with different SU-8 thick-
nesses (on the donor)

Figure A.27: Transfer results of SU-8 microdisks with different SU-8 thicknesses (on the
donor). (a-d). SU-8 residues left on the donor substrate after transfer. SU-8 thickness increases
from 5 ((a)) to 50 pm ((d)).

139



Appendix A. An appendix

A.28 Adhesion test for SU-8 microdisks on Cu receiver without ther-

mal annealing in DI water

Figure A.28: Adhesion test for SU-8 microdisks on Cu receiver without thermal annealing in
DI water. (a). Image of three transferred SU-8 microdisks LIFT experiment. (b-d). Images of
the SU-8 microdisks after being immersed in DI water for 24, 96, and 360 h. Scale bar in the
inset: 50 pm.
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A.29 Adhesion test for SU-8 microdisks on glass receiver without thermal annealing in DI
water

A.29 Adhesion test for SU-8 microdisks on glass receiver without
thermal annealing in DI water

b

Figure A.29: Adhesion test for SU-8 microdisks on glass receiver without thermal annealing
in DI water. (a). Image of three transferred SU-8 microdisks LIFT experiment. (b-d). Images
of the SU-8 microdisks after being immersed in DI water for 8 and 24 h. Scale bar in the inset:
50 um.
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A.30 Adhesion test for SU-8 microdisks on Si receiver without ther-

mal annealing in DI water

Figure A.30: Adhesion test in DI water for SU-8 microdisks on Si receiver without thermal
annealing in DI water. (a). Image of three transferred SU-8 microdisks LIFT experiment. (b-d).
Images of the SU-8 microdisks after being immersed in DI water for 8, 24, and 96 h. Scale bar
in the inset: 50 pm.
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A.31 Adhesion test for SU-8 microdisks on PDMS receiver without thermal annealing in DI
water

A.31 Adhesion test for SU-8 microdisks on PDMS receiver without

thermal annealing in DI water

b

Figure A.31: Adhesion test for PDMS receiver without thermal annealing in DI water. (a).
Image of three transferred SU-8 microdisks LIFT experiment. (b-d). Images of the SU-8
microdisks after being immersed in DI water for 24, 96, and 360 h. Scale bar in the inset: 50
pm.
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A.32 G-code script for 40x30 SU-8 microdisk array transfer

array on PDMS Pitch distance 1000um.nc

EPFL
30 array of SU-8 microdisks with a pitch distance of

d program;

G90 GO ;Absolute Movement, F60 Feedrate 60 mm/min Gl Incremental
Movement
X[- 1 Y[ 1 U071 vI5o] z[- 1 ;initial position for the very first

of donor st > along X-/Y-axis

. Z is the heigh

;jincremental move
;10 uJd

pl= ; here t le loop will itera
$WHILE P1> you can nam it
p2= le loop will itera
S$SWHILE P2>
604 jdwelling time, increasing the dwelling time from
0 to 0.8 will lead to a more well-aligned array

3¢ Y+ ;find the increment of the movement next
spot, in our case, it should be 20C
P2=p2-
SENDWHILE
' *
X-
Pl=P1-
SENDWHILE

G90 GO

X[- 1YL 10071 visay zl- 1
5 G91 GO
6 Ml0l=

Pl=
SWHILE P1>
P2=
SWHILE P2>
G04
M100
U+
‘ Y+
€ P2=p2-
SENDWHILE
Y- *
X-
Pl=P1-
SENDWHILE

Figure A.32: G-code script for 40 x30 SU-8 microdisk array transfer with pitch distance of
1000 pm. In this g-code script, no coordinate correction is not introduced. The laser fluence is
set to 3.2 J/cm? with a single laser shot mode. This file only presents a part of the whole code.
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A.33 SU-8 coordinate in the LIFT setup

A.33 SU-8 coordinate in the LIFT setup

a b

Figure A.33: SU-8 coordinate in the LIFT setup. (a). Image of the SU-8 microdisk array,
highlighting the first SU-8 microdisk in the first column. The red circle indicates the position
of the laser shot. The coordinate of the first SU-8 microdisk is provided. (b). Image of the SU-8
microdisk array, highlighting the tenth SU-8 microdisk in the first column. Its coordinate is
shown in the figure.
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A.34 G-code script for 40 x40 SU-8 microdisk array transfer

2 tch distance 1000um.nc
1 a pitch distance of
X-/Y-axis compensation are introduced and
xplaination:
r energy in uJd
er manual pulse and emission on

;Absolute Movement, F60 Feedrate 60 mm/min Gl Incremental
1 U051 V501 2[-7.0] ; initial position for the very first

of

U and mean the
of the focusing lens to

donor stage along X-/Y-axis
X-/Y-axis. 2z is the heigh

G91 GO ; incremental move
M101= ;10 uJd
Pl= ; here it means the while loop will iterate 4 times
SWHILE P1>
P2= ; here it means the while loop will iterate 10 times
3 SWHILE P2>
3¢ G04 dwelling time, the be
0.8 s. This has been proved to an optimal value for
M100
U+
Y+ ; find the increment of the movement for the next

spot, in our se, it should be clos

X-direction. For two consecutive SU-8 microdi is
lum.
P2=p2-
SENDWHILE
Y-0.2%10+ e
Y-direction. For tw along X- is
lum.
X-
P1=P1-
: SENDWHILE
G90 GO
X[- 1YL 1 000591 V4ol 2[-7.0]
G91 GO
M101=
Pl=
SWHILE P1>
: p2=
€ SWHILE P2>
G04
M100
U+
Y+
X-

Figure A.34: G-code script for 40 x40 SU-8 Microdisk Array Transfer with Pitch Distance
of 1000 pm. In this g-code script, the dwelling time is optimized to be 0.8 s and coordinate
correction is introduced (1 um shift per SU-8 microdisk). The laser fluence is set to 3.2 J/cm?
with a single laser shot mode. This file only presents a part of the whole code.
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A.35 Microscaffold building blocks design

A.35 Microscaffold building blocks design

a u b

Figure A.35: Microscaffold building blocks design. (a)-(e). 20 x 20 x 20 um? microscaffold
building blocks with the pore size of 2, 6, 10, 14, and 18 pum, respectively. The backbone beam
sizeis 9, 7,5, 3, and 1 um from (a)-(e).
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A.36 Microscaffolds with different pore sizes

a b

Pore size: 2 ym Pore size: 6 um

2 ] ] T s oom om a0 &0
......................... TI:r CLLLL L) Ll ----3

- - o - - - -
CELLE - - - --- - - - -
(LX) (LK) o - - CEX L] LS

Pore size: 10 um Pore size: 14 ym

HE A E E

Figure A.36: Microscaffolds fabricated on PI layer with the size of 100 x 100 x 100 pm?.
(a)-(d). Pore size for these four types of scaffolds increases from 2 to 14 um, respectively.
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A.37 Microscaffolds with different sizes

A.37 Microscaffolds with different sizes

a b

Figure A.37: Microscaffolds fabricated on PI layer with increasing sizes. (a)-(c).Scaffold size
increases from 100 to 220 pm, respectively.
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A.38 Microscaffolds with the supporting layer
a b

Scaffold size: 100 ym Scaffold size: 200 pm

100 pm 100 pm

Scaffold size: 400 pm Scaffold size: 880 ym

100 pm 100 pm

Figure A.38: Four types of microscaffold with a supporting layer. (a). Microscaffolds with a
size of 100 x 100 x 100 um3. The pore size is 18 um (block size is 20 p). A thin supporting layer
is between the PI and the scaffold. (b-c). Scaffold size increases from 200 to 880 pum and all
have a supporting layer underneath.
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A.39 Transfer result of a T-shape microstructure into PDMS channel with a tilted angle

A.39 Transfer result of a T-shape microstructure into PDMS channel

with a tilted angle

Microstructure size: 50 ym
After transfer

200 pm

Figure A.39: Transfer result of a T-shape microstructure into PDMS channel with a tilted
angle. SEM image of the 50 um large T-shape structure transferred to the targeted position in
the channel. The microstructure is tilted against the PDMS wall. Scale bar in the inset: 20 um.
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A.40 Microscaffold array design

a

2

Figure A.40: Microscaffold array design. (a). A7 x 7 scaffold array design. (b). Close-up image

of one scaffold.
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A.41 G-code script for 7x7 microscaffold array transfer with varying

pitch distance

40 SU8 array on PDMS_Pitch distance 1000um.nc
Zhiwei Yang

Z07
Yang

microscaffol
energy
npensation are introduced and

with varying

elling time and X-/Y
optimized to allow more stable and precise t

explaination:

r manual pulse and emission on

;Absolute Movement, F60 Feedrate 60 mm/min Gl Incremental

1 ULo] vieoy z[- 1 ; initial position for the very first

U and V mean t

of the fo y lens to
G91 GO ; incremental move
M101= ;3 uJd
Pl= ; here it means the while loop will iterate 7 times
SWHILE P1>
p2= ; here it means the while loop will iterate 7 times
SWHILE P2>
G04 ; lling time, th elling time is kept to be
0.8 s. This has been proved to be an optimal value for stable transfer
M100
U+l 6-2%P2 ; this code helps realize the varying pitch
distance along X-direction.
Y+ ; find the increment of ent for the next
spot, in our c it should be c 0
te for the theta angle on
X-direction. For two consecutive along Y-direction, the X-shift is
10.5um.
P2=p2-
SENDWHILE
Y-0. 0%+ te for the theta angle

along X-direction, the

compensate for the theta angle on
column. For ns

cutive SU-8

u- ; back to the initial
position along X-direction to start the nex .
V-l c40*P1 ; this c \elps realize the varying pitch
distance along Y-direction.
P1=P1-
SENDWHILE

Figure A.41: G-code script for 7 x7 microscaffold array transfer with varying pitch distance.
In this g-code file, rotation correction is introduced, and the dwelling time is set to 0.8 s. The
laser fluence is set to be 0.96 J/cm?, and a single laser shot is applied to each microscaffold.
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