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ABSTRACT OF THE THESIS
Fabrication of Carbon Micro Molds
By
Rodrigo Martinez Duarte
Master of Science in Mechanical and Aerospace Engineering
University of California, Irvine, 2009

Professor Marc J. Madou, Chair

This thesis proposes the use of novel carbon molds for micro molding applications. In
contrast to the traditional metal micro molds, the proposed technique derives glass-like
carbon micro molds from SU-8 precursors. SU-8 is an epoxy-based negative photoresist
that is amenable for the fabrication of very high aspect ratio structures. The developed
method is based on traditional UV photolithography but incorporates key enhancements
to improve wall verticality and surface roughness and to achieve free standing parts.
Grayscale lithography was also employed to fabricate multi-level topographies. The
fabricated SU-8 parts are then employed as precursors for the derivation of glass-like
carbon through pyrolysis, or thermal degradation, following the Carbon MEMS
(C-MEMS) technique. The resultant carbon molds overcomply with the mechanical and
thermal integrity of a permanent mold and yet are fabricated at a cost that enables their
potential use as sacrificial molds. The developed fabrication process consists of two
steps: photolithography and pyrolysis, and does not employ electroplating. Micro
molding was demonstrated by the thermoplastic forming of amorphous metals, or bulk

metallic glasses, into high aspect ratio micro gears and other geometries. Several

xi



improvements are suggested to reduce fabrication times and costs and to make this
process more amenable to have an impact on current micro molding processes. Different
approaches to carbon nano molding such as electron beam lithography, focused ion beam,

nanodroplet sputtering and nano imprint lithography are also detailed.
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INTRODUCTION

Molding is a fabrication technique with a huge impact on society. Molded parts can now
be found in every aspect of our daily lives; from mobile phones, computers and domestic
appliances to medical devices such as catheters and implants. The market for molded
parts is estimated to be in the order of billions of dollars with plastic molding taking the
biggest share of it. In its basic form, molding consists on the filling of a mold with a
liquid material for the latter to harden or set with the shape patterned in the mold, and the
release of the shaped part, known as a cast, from the mold. This apparently simple
process enables the mass production of millions of parts in a very cost-effective way.
Casting materials include plastics, glasses, metals, ceramics and a wide variety of alloys.
The cost effectiveness of molding resides on the fact that only one, or a few, master
molds must be fabricated to generate millions of casts. Even when the fabrication of the
master mold might be expensive, depending on the quality, dimensions and complexity
required, the cost of an individual cast reduces as the produced volume increases.
Therefore, molding is most economically sound when large numbers of a given cast are
necessary [1]. Although the basic concept of molding appears trivial, the fabrication of
the master mold, the optimization of molding parameters (temperature and pressure for
example) and the release of the cast from the mold have proven to be a challenge. In the
case of micro molding, or the molding of micrometer sized parts, the fabrication of the
master mold is of most importance [1, 2]. The main difference between macro and micro
molding is precisely the need of a micrometer sized mold insert in addition to the

molding tool. Apart from the fact that new physics must be obeyed during the micro
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molding process, the mold insert must be manufactured with more advanced and precise
techniques than the traditional Computer Numerical Control (CNC) machining and must
fulfill several further requirements than its macro sized counterparts[3]. Perhaps the most
challenging of these requirements is the need of smooth side walls. As the size of the
mold shrinks, the surface roughness of its walls starts to match the dimensions of the
features themselves and reduces fidelity of the molded part to the intended design [4].
Smooth walls are also desired to avoid friction during molding and demolding. Vertical
walls, or at an angle slightly wider than 90° if the design allows it, are desired to prevent
mechanical interlock of the cast in the mold and assure a clean demolding step.
Nevertheless, the micro mold must preserve its structural integrity if it is intended to be
used more than once, i. e., not sacrificial. Rigid materials such as metals or ceramics are
preferred over polymers (thermosets, thermoplastics or elastomers) in high-precision
micro molding as polymers tend to lose their integrity under certain temperature and
pressure conditions. Silicon based materials are often employed for experimental or small
volume productions as they offer a rigid mold but its brittleness makes it hard to handle.
If a lasting mold is the objective, metals, like Ni[5], or carbide alloys (tungsten or silicon
carbide) appear to be the materials of choice [6]. Sacrificial molds might become an
option in micro molding as some fabrication techniques, like photolithography, allow for
the batch fabrication of molds and the amount of material contained in each of them
might be insignificant. In this case the mold must be easily and rapidly dissolved.
Undoubtedly, the fabrication of a proper master for micro molding is a challenging topic
and different approaches may be followed. Current techniques employed for mold

fabrication include direct structuring methods like micro CNC machining, electrical



discharge machining (EDM)[7], laser ablation, electrochemical machining (ECM), deep
reactive ion etching (DRIE), wet bulk machining (in the case of silicon), focused ion
beam milling or micro powder injection and lithography based techniques such as
photolithography[8], X-ray lithography or electron beam combined with electroplating.
Good reviews include [3, 9-12] The selection of a fabrication technique depends on the
desired dimensions, quality, complexity and durability of the mold as well as on
economic constrains and the material to be shaped. In general, the selection of the mold
material for micro molding depends on its mechanical properties and its versatility to be
shaped. For some materials, like metals, the size of their crystals becomes critical as the

dimensions of the mold get reduced.

Despite its lengthy process and initial high cost, the most widely accepted technique to
fabricate micro molds is that of LIGA, a German acronym for lithography, electroplating
and molding. LIGA makes use of X-ray lithography to derive a polymer mold that is then
used as a template in the electroplating of a desired metal, usually Ni. The resultant metal
mold has the characteristics of a lasting master mold and can be used to produce large
volumes of polymer parts. The main advantage of LIGA is its capability to achieve very
high aspect ratio structures thanks to the use of X-ray lithography. Unfortunately, the
need of a synchrotron hinders the adoption of LIGA by a larger number of commercial
applications. Photolithography of SU-8, a negative photoresist, in combination with
electroplating offers an affordable alternative to LIGA and is sometimes referred as “poor

man’s LIGA.”



The following thesis proposes an alternative to LIGA for deriving micro molds. In
contrast to metal molds, the proposed technique derives glass-like carbon micro molds.
The developed method makes use of traditional photolithography to derive high aspect
ratio features on SU-8. Enhancements to traditional photolithographic methods were
incorporated to improve wall verticality. The SU-8 parts are then employed as precursors
for the derivation of glass-like carbon through pyrolysis, or thermal degradation, of the
negative photoresist. The technique of deriving carbon from micro-patterned organic
resists has been dubbed Carbon MEMS (C-MEMS). The resultant carbon mold complies
with the mechanical and thermal integrity of a permanent mold and yet is fabricated at a
cost that enables its potential use as sacrificial mold. The mold fabrication process
consists of two steps, photolithography and pyrolysis, and does not employ
electroplating. Moreover, glass-like carbon has been shown to poses a nearly atomic-flat

surface [13] and features a melting temperature above 3200 K.

The use of glass-like carbon molds has been previously demonstrated by researchers at
Eastman Kodak in the early 1970s [14, 15], and more recently by Takahashi and
colleagues [16-18]. They all employed glass-like carbon structures for the molding of
glass lenses albeit following a different approach. Researchers at Eastman Kodak
employed a polished glasslike carbon piece while Takahashi ef al. made use of Focused
Ion Beam (FIB) milling to pattern commercially available “glassy” carbon. The approach
followed in this thesis fundamentally differs from that of Eastman Kodak in that work
presented below targets molds with micro and/or nano patterns. In the other hand, it

differs from that of Takahashi et al. in its ability to mass produce carbon molds in



contrast to the serial nature of FIB milling. This ability might as well yield carbon molds

that are sufficiently low priced to be sacrificial.

Even when glass-like carbon molds can be used to mold a variety of traditional materials,
such as glass, thermoplastics, ceramics or metals, the focus is on the molding of a novel
material: amorphous metals. Amorphous metals, or Bulk Metallic Glasses (BMGs), refer
to a class of metal alloys that exhibit high strength, large elastic strain limit, and high
corrosion resistance owing to their amorphous nature. They are isotropic, homogeneous,
and free from any crystalline defects down to atomic scales. In contrast to amorphous
materials, the grain boundaries in crystalline materials represent a weak point in the
structure and limit the minimum feature size that can be patterned. BMGs are therefore
excellent candidates for small scale applications including precision surgery tools, watch
movement components and even micro- nanomolds for other BMGs, plastics and certain
metals. The molding of BMGs offers advantages not achieved with conventional
electroplating. The latter suffers from a rather limited menu for material selection and
often results in parts with non-uniform deposition at sharp edges and recessed areas,
stresses that are very dependent on the electroplating current and non-uniform
mechanical properties imposed by the metal grain size. The BMG molding can be carried
out using complex alloys which are intrinsically superior in strength, corrosion resistance
and wear resistance compared to conventional electroplated metals. BMGs are also free

of crystalline defects and as a consequence are homogeneous and isotropic.



It has been shown that the BMGs can be thermoplastically formed like plastics [19, 20].
Thermoplastic forming (TPF) takes place in the supercooled liquid region (SCLR) where
the viscosity of BMG drops significantly allowing it to flow under small applied pressure.
TPF of BMGs has been used for a wide range of applications including net-shape
processing, extrusion, synthesis of amorphous metallic foams and blow molding [21-23].
TPF of BMGs has the potential to become an alternative to current metal forming
techniques used in microforming such as electroplating. A first advantage of TPF of
BMGs stems from its simplicity compared to electroplating. Secondly, electroplating of
metals suffers from a rather limited menu for material selection, and often results in parts
with non-uniform deposition at sharp edges and recessed areas, stresses that are very
dependent on the electroplating current, and non-uniform mechanical properties imposed
by the metal grain size. BMG molding can be carried out using complex alloys which are
intrinsically superior in strength, corrosion resistance and wear resistance compared to
conventional electroplated metals. BMGs are also free of crystalline defects, which
results in homogeneous and isotropic parts. Lastly, even when surface finish of molded
BMG parts strongly depends on the surface finish of the mold used, their surface
roughness can be reduced by re-heating above their glass transition temperature [24], an
improvement not achievable with metal parts fabricated by electroplating. The main
limiting factor in the TPF of BMGs is in the type of master molds required to guarantee
stability under TPF temperatures (200-450 °C) and pressures (10-30 MPa).
Unfortunately, under such conditions inexpensive polymer molds like the ones used for

electroplating and LIGA are not an option. However, the proposed glass-like carbon



molds are stable at temperatures exceeding the processing temperatures for TPF of BMGs

and have sufficient mechanical strength to be used as master molds for TPF of BMGs.

This thesis begins with an overview on glass-like carbons and C-MEMS in Chapter 1.
The outstanding properties of this material are exposed together with a brief history on
the derivation of carbon microstructures from organic polymers. Chapter 2 and 3 detail
the method developed to fabricate carbon molds and its forms of use. Chapter 2 deals
with the derivation of the polymer precursor, in this case SU-8. Chapter 3 treats the
mechanisms of pyrolysis, the molding of BMG using carbon molds and the release of the
BMG from the mold. Achieved results and relevant discussions are exposed on Chapter 4
along with potential improvements to the general process. At last, Chapter 5 explores
alternative technologies to photolithography for the fabrication of nano molds and
complex micro molds. Electron-beam Lithography (EBL), Focused Ion Beam (FIB),

Nanodroplet Sputtering and Nanoimprint Lithography (NIL) are explored.



CHAPTER 1. Glass-like Carbon and Carbon MEMS

Glass-like carbons' are derived through the carbonization of organic polymers in inert
atmospheres (more details on carbonization in Chapter 3). The resultant carbon has a
glass-like appearance in the sense that is smooth, shiny and exhibits a conchoidal
fracture’[25]. The properties of the material make it an ideal candidate for mold
fabrication. It is impermeable to gases and extremely inert, with a remarkable resistance
to chemical attack from strong acids such as nitric, sulfuric, hydrofluoric or chromic and
other corrosive agents such as bromine. Even when it does react with oxygen it only does
so at high temperatures. Its rates of oxidation in oxygen, carbon dioxide or water vapor
are lower than those of any other carbon. X-ray diffraction studies have shown that
glass-like carbon presents an extremely small pore size of a closed nature, and that has an

amorphous structure [26-33].

Regarding its mechanical properties, glass-like carbon has a hardness of 6 to 7 on Mohs’
scale, a value comparable to that of quartz. Its density ranges from 1.4 to 1.5 g/em™.

Glass-like carbon features a coefficient of thermal expansion of 2.2-3.2 X 10°%/K which

"'In 1995 the IUPAC (International Union of Pure and Applied Chemistry) defined glass-like carbon
as the material derived by the pyrolysis of organic polymers and recommended that the terms “Glassy
carbon” and “Vitreous carbon”, which had been introduced as trademarks, should not be used as
synonymous for glass-like carbon. From a scientific viewpoint, the terms vitreous and glassy suggest a
similarity with the structure of silicate glasses which does not exist in glass-like carbon, except for the
pseudo-glassy appearance of the surface [103].

? Some crystals do not usually break in any particular direction, reflecting roughly equal bond strengths
throughout the crystal structure. Breakage in such materials is known as fracture. The term conchoidal is
used to describe fracture with smooth, curved surfaces that resemble the interior of a seashell; it is
commonly observed in quartz and glass. Conchoidal fracture. (2009). In Encyclopaedia Britannica.
Retrieved April 08, 2009, from Encyclopaedia Britannica Online: http://www .britannica.com

8



compares to that of Si [34] and some BMGs [35]. Its Young Modulus varies between 10
and 40 GPa. Because its thermal conductivity is only 7 W/mK it is considered as
thermally inert (compare to 401 W/mK of copper and 1 W/mK of Pyrex” glass). [36-41].
Even when the overall properties of the resulting carbon depend on the nature of the
precursor used, they do not change very significantly [42] and the above values could be
employed as an initial reference. Up to this date a consensus on the crystalline structure
of glass-like carbon has not been reached. The most widely known and accepted model is
the one that considers this type of carbon as made up of tangled and wrinkled aromatic
ribbon molecules that are randomly cross-linked by carbon-carbon covalent bonds. The
ribbon molecules form a networked structure, the unit of which is a stack of high strained
aromatic ribbon molecules. Such structure of crystallites reflects the features of
thermosetting resins structure which are commonly used as precursors for glass-like
carbons. This model explains the most experimental results obtained so far on glass-like
carbons including its impermeability, brittleness and conductivity. [41-45]. Other models
exist including the “oxygenated Tetrahedral-Graphitic parts” model of Kakinoki [43], the
“crumpled sheets” model of Oberlin [33], the “closed pores” model by Shiraishi [46]and
the “globular” model by Fedorov [47]. Excellent reviews on the structure of glass-like

carbon can be found in [41]and [45].

Glass-like carbon is characterized as a type of char’ and is classified as a

non-graphitizable, or non-graphitizing, carbon. Glass-like carbon does not graphitize

3 Char is a solid decomposition product of a natural or synthetic organic material. If the precursor has not
passed through a fluid stage, char will retain the characteristic shape of the precursor (although becoming
of smaller size). For such materials the term “pseudomorphous” has been used. In contrast, coke is

9



even when heat treated at 3273 K (3000 °C). The inability of the graphitic planes to grow
and stack parallel to each other even at high temperatures is due to the entangled nature
of glass-like carbon structure. Non-graphitizable carbons are mechanically hard and are
sometimes referred as hard carbons[48]. For the sake of clarity, even when the term
pyrolytic carbon might suggest a synonym for glass-like carbons, the former term only
refers to carbon materials deposited from gaseous hydrocarbon compounds. The term
pyrolytic carbon does not describe the large range of carbon materials obtained by
thermal degradation (thermolysis, pyrolysis) of organic compounds when they are not
formed by chemical vapor deposition. Materials deposited by physical vapor deposition

are not covered either by the term pyrolytic carbon.

Glass-like carbon appears to be first derived in 1915 by Weintraub and Miller [49].
However, a sustained flow of publications did not begin until the early 1960s when
independent groups from Japan and England first disclosed the properties and methods of
derivation of the novel carbon allotrope [36, 37, 50, 51]. Its unique properties have been
beneficial to various applications along the years. Initially, its extreme chemical inertness
and gas impermeability were exploited to fabricate laboratory equipment such as beakers,
basins and boats [38]. Since glass-like carbon is not wetted by a wide range of molten
metals, it is an ideal material for the fabrication of crucibles with applications in
metallurgical and chemical engineering [37]. Its resistance to erosion and high melting
point makes it an ideal material for mandrels, steam, fuel and rocket nozzles and other

equipment in mechanical and electrical applications. Moreover, glass-like carbon has

produced by pyrolysis of organic materials that have passed, at least in part, through a liquid or liquid-
crystalline state during the carbonization process.
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been used in heart valve implants and other biomedical devices thanks to its
biocompatibility [52-54] . “Glassy” carbon electrodes have become so popular that they

represent a significant fraction of the multi-billion electrochemistry market [55].

From the microfabrication standpoint, glass-like carbon microstructures were not
reported until the late 1990s by Schueller and co-workers at Harvard University. In their
process, polydimethylsiloxane (PDMS) molds were fabricated using soft lithography and
then used to pattern furfuryl alcohol-modified phenolic resins and phenol-formaldehyde
resins, which were subsequently carbonized [56-60]. This fabrication technique allowed
them to work with flat or curved surfaces and derive different structures (including
free-standing lateral comb drives, diffraction gratings and grids) with dimensions as small
as a few micrometers and featuring high aspect ratios if desired [60].
Microelectromechanical functions were also demonstrated [57]. By the end of that same
decade, initial work on the derivation of carbon from photoresists emerged in the quest
for alternatives to carbon films produced by physical deposition techniques. The interest
was driven by the use of pyrolyzed photoresists in batteries, electrochemical sensors,
capacitors and MicroElectroMechanical Systems (MEMS). Electrochemical studies of
carbon films derived from positive photoresists were conducted in 1998 by Kim, Song,
Kinoshita, Madou and White in Berkeley, CA [61] and later by Ranganathan, McCreery,
Majji and Madou [62] at Ohio State University (OSU). By 2000, Kostecki, Song and
Kinoshita patterned these carbon films as microelectrodes and studied the influence of the
geometry in their electrochemical response [63]. Pyrolyzed Photoresist Films, or PPF,

still derived from positive resists were surface-characterized in 2001 and determined to
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have a near-atomic flatness [13]. The resultant carbon showed an electrochemical
behavior similar to glass-like carbon although with decreased surface roughness. In 2002
the derivation of carbon from negative photoresists was reported by Singh, Jayaram,
Madou and Akbar at OSU. They used SU-8, a relatively new epoxy-based photoresist at
the time [64, 65], and polyimide to fabricate circular patterns. The carbon obtained with
this precursor showed higher resistivity and vertical shrinkage than the one synthesized
from positive resists. Furthermore, the carbon derived from SU-8 showed higher vertical
shrinkage and poorer substrate adhesion than that from polyimide. Nevertheless,
resistivity from SU-8 carbon was slightly lower than polyimide’s [66]. In 2005, structures
with aspect ratios higher than 10 were reported by Wang, Jia, Taherabadi and Madou at
the University of California, Irvine (UCI). This achievement was possible thanks to the
use of a two-step heating process during pyrolysis. This novel process allowed for the
release of residual oxygen contained in the polymer structures that had caused the
precursor to burn rather than pyrolyze, even in an oxygen-free atmosphere. A variety of
complex high-aspect ratio Carbon-MEMS (C-MEMS) structures, such as posts,
suspended carbon wires, bridges, plates, self organized bunched posts and networks, were
built in this way. The variation in structure shrinkage depending on the original polymer
was also reported [67, 68]. For example, structures with thickness below 10 um usually
shrink approximately by 90%, while hundreds-of-microns thick features shrink
approximately 50%. Also in 2005, the electrical properties and shrinkage behavior of
both positive and negative resists after pyrolysis were characterized by Park and
co-workers at UCI. They corroborated the decrease in resistivity of glass-like carbons as

the pyrolysis final temperature increases. They also demonstrated how the largest
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shrinkage takes place below 873 K (600 °C) for all the photoresists tested [69]. Electron
beam lithography (EBL) was used in 2006 to fabricate suspended glass-like carbon
microstructures [70]. Continuous work on C-MEMS has been conducted since 2004 by
the same group at UCI and collaborators in a variety of applications including
Lithium-ion batteries[71-74], fuel cells [75, 76], electrochemical sensors[77], cell
culturing substrates[78], dielectrophoresis [79-83, 83-86], micromolding [87] and fractal
electrodes[88, 89]. Other groups have also recently integrated carbon structures for their

use in gas sensors[90].

Carbon-MEMS (or C-MEMS) can be defined as the set of methods that can be used to
derive glass-like carbon structures from patterned organic polymers, featuring dimensions
ranging from hundreds of micrometers down to tens of nanometers. C-MEMS combines
different polymer micro and nanofabrication techniques with pyrolysis or thermal
degradation to derive glass-like carbon features. These fabrication techniques include, but
are not limited to, stamping, casting, machining and lithography. The choice of each
technique, and the organic polymer, is dictated by the quality, complexity and final
dimensions of the desired carbon part. The next chapter details a photolithographic
process to fabricate SU-8 structures for carbonization. Enhancements to traditional
photolithography are incorporated to obtain free standing carbon molds with improved

complexity, wall verticality and surface roughness.
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CHAPTER 2. Fabrication Process I: SU-8 Micro Molds

Photolithography refers to patterning with light. The material to be patterned, a
photoresist, changes its chemical composition upon being exposed to light with specific
wavelengths (usually 365 nm, the i-line, or 436 nm, the g-line). In a positive photoresist,
light originates a scission on the polymer chain that renders the exposed part more
soluble to certain chemicals, known as developers. In contrast to positive resists, light
causes cross-linking in negative resists which makes the shined section less soluble in a
developer. At the end, the area of positive resist exposed to light is dissolved away while
in the case of a negative resist the exposed area remains. Masks, a patterned stencil that
enables the selective pass of light, must then be designed accordingly to the kind of

photoresist being used and the desired final topography.

The incorporation of photolithography to the C-MEMS toolbox enables a more precise
control on the dimensions and complexity of the precursor polymer structures. The
existence of commercial high-quality precursors and standardized photolithography tools
make the fabrication process and the dimensional control highly reproducible.
Photolithography generally involves a set of basic processing steps: photoresist
deposition, soft bake, exposure, post-exposure treatment and developing (Fig. 1). An
enhanced photolithography process using SU-8 as photoresist is detailed after a short

overview on the properties and uses of SU-8.
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Figure 1 Basic photolithography steps

SU-8 Photoresist

SU-8 is an acid-catalyzed negative photoresist, made by dissolving a Bisphenol A
novolac resin (EPON™ SU-8 resin, a registered trademark of Shell Chemical Company)
in an organic solvent such as cyclopentanone or GBL (gamma-butyloractone) and adding
up to 10% in weight of triarylsulfonium hexafluoroantimonate as a photoinitiator. The
viscosity and hence the range of thicknesses accessible, is determined by the ratio of
solvent to resin. The EPON resist is a multifunctional, highly-branched epoxy derivative
that consists of bisphenol-A novolac glycidyl ether. On average, a single molecule
contains 8 epoxy groups which explain the 8 in the name SU-8. In a chemically amplified
resist like SU-8, one photon produces a photoproduct that in turn causes hundreds of
reactions to change the solubility of the film. Since each photolytic reaction results in a
“amplification” via catalysis, this concept is dubbed “chemical amplification” [91]. SU-8
photoresist was developed by scientists at IBM who discovered that certain
photo-initiators, such as onium salts, polymerize low-cost epoxy resins such as EPON®™
SU-8. Compositions of SU-8 photoresist were patented by IBM as far back as 1989 [92]

and 1992 [93]. Original compositions were intended for printed circuit board and e-beam
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lithograpy. SU-8 photoresists became commercially available in 1996 through
MicroChem Corporation (Newton, MA). Because of its aromatic functionality and
highly cross-linked matrix, the SU-8 resist is thermally stable and chemically very inert.
After a hard bake, it withstands nitric acid, acetone, and even NaOH at 90°C. Moreover,
it is more resistant to prolonged plasma etching and better suited as a mold for
electroplating than Poly(methyl methacrylate) (PMMA) [94]. The low molecular weight
[~ 7000 + (1000) Da] and multifunctional nature of the epoxy gives it the high
cross-linking propensity, which also reduces the solvent-induced swelling typically
associated with negative resists. As a result, very fine feature resolution, unprecedented
for negative resists, can be obtained. Low molecular weight characteristics also translate
into high contrast and high solubility. Because of its high solubility very concentrated
resist casting formulations can be prepared. The increased concentration benefits thick
film deposition (up to 500 um in one coat) and planarization of extreme topographies.
The high epoxy content promotes strong SU-8 adhesion to many types of substrates and
makes the material highly sensitive to UV exposure. On the negative side, the thermal
mismatch of SU-8 on a Si substrate produces stress and may cause film cracking.
Moreover, the absorption spectrum of SU-8 shows much higher absorption coefficients at
shorter wavelengths (< 350 nm). As a result lithography using a broadband light source
tends to result in over-exposure at the surface of the resist layer. The resulting developed
photoresist tends to have a negative slope, or an angle with the substrate narrower than
90°, which is not good for mold applications. The exaggerated negative slope at the top
of the resist structure surface is often called 7-topping. For a recent review on SU-8 and

the fabrication of high aspect ratio features the reader is referred to [95]. The employed
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SU-8 formulation for this work was MicroChem’s SU-8 2150. This formulation features

76.75% Solids, has a viscosity of 80000 cSt and a density of 1.238 g/cm’ [96].

Choice of Substrate

Traditional SU-8 photolithography is usually conducted on rigid substrates such as
Silicon, quartz and glass. In these cases the coefficient of thermal expansion (CTE) of the
substrate (<10 10°/K) is significantly different from that of SU-8 (50-52 10°/K) resulting
in SU-8 patterns with built in stresses that might cause film cracking. A substrate material
that matches the CTE of SU-8 is therefore desired. A further requisite for the obtainment
of free standing carbon molds is that the substrate material must either get carbonized
together with the patterned SU-8 or get separated from the mold before carbonization, for
instance peeling the SU-8 patterns from the substrate. Unfortunately, silicon, glass or
quartz do not carbonize under a pyrolysis process and provide good adhesion to SU-8.
These facts, together with the fact that the substrate is rigid, make it quite challenging to
remove the SU-8 pattern in an easy, reliable way. Several different substrates were
employed in this work: 4” standard silicon wafers and 4” diameter discs of either
Kapton® (127 pum thick), Cirlex® (1.5 mm) or Mylar® (70 pm). Carbon-on-silicon and
free standing carbon molds were obtained. Free standing carbon molds were fabricated
using polyimide (Kapton® and Cirlex”) as substrate and carbonizing the whole
polyimide-SU-8 piece or by using polyester (Mylar™) as a peel-off substrate that gets
easily removed from the SU-8 part prior to carbonization. In Chapter 4, Fig. 25 is shown
how free standing molds offer better fidelity to the original design than those fabricated

on silicon by reducing stresses due to thermal mismatch. The difference between the CTE
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of the substrate material and that of SU-8 is of most importance during the carbonization
process, where the use of polyimide, or better yet the elimination of the substrate, yields
significant better results than the use of silicon. Table 1 shows the relation between the

properties of different materials to those of SU-8.

Table 1 Properties of materials used as substrates compared to those of SU-8

Material Coefficient Thermal Density Glass temperature
of Thermal | Conductivity | (g/ cm’) or melting point
Expansion at 293 K
(10°°/K) (W/m-K)
Silicon [34] 2.6 —4.442 1.56 2.33 1414 °C (1687 K)
Polyimide (PI) 20 - 40 0.120 1.42 360-410 °C
[97, 98] (633 -683 K)
Polyester 17.1 0.37 1.390 254 °C
(PET)[99] (527 K)
SU-8 [100] 50-52 0.2 1.2 50-55 °C (323-328 K)
not cross-linked
>200 °C (>473 K) when
cross-linked

Spin Coat

The most common method to deposit photoresists is spin coating. In this method,
centrifugal forces cause the resist to flow to the edges, where it builds up until expelled
when its surface tension is exceeded. The resulting polymer thickness is a function of
spin speed, solution concentration, and molecular weight (measured by intrinsic
viscosity). Generally, the photoresist is dispensed onto the substrate, which is held in
place by a vacuum-actuated chuck in a resist spinner [101]. A rotating speed of about 500
RPM is commonly used during the dispensing step to spread the fluid over the substrate.

After the dispensing step, it is common to accelerate to a higher speed to thin down the
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fluid near to its final desired thickness. Typical spin speeds for this step range from 1500
to 6000 RPM, depending on the properties of the fluid (mostly it viscosity) as well as the
substrate. This step can take from a few seconds to several minutes. The combination of
spinning speed and time will generally define the final film thickness and its uniformity.
An empirical expression to predict the thickness of the spin coated film as a function of
its molecular weight and solution concentration is given in [102]. The photoresist film,
after being spin coated into the substrate, must have a uniform thickness and be
chemically isotropic so that its response to exposure and development is uniform. Film

uniformity tends to decrease as the thickness increases.

In order to conduct spin coating the substrate must be rigid enough to keep planar during
the process. Of the polymer films used, only Cirlex® fulfilled this requisite. Cirlex” is an
adhesive-less stack of polyimide layers that can achieve thicknesses of several hundred
micrometers. In this case a 1.5 mm thick Cirlex® sheet was CNC machined into 4” discs
and used directly as a substrate. In the case of Kapton® (polyimide or PI) and Mylar®™
(polyester or PET) films, 127 um and 70 pum thick respectively, a rigid metal holder had

to be engineered and fabricated.

Aluminum was chosen to fabricate the film holder given is low density (2.7 g/cm’), high
thermal conductivity (237 W/m-K), similar coefficient of thermal expansion (23.1 10°/K)
to polyester (PET) and polyimide (PI), excellent corrosion resistance, easy processing
and its relative low cost. Several film holder designs were explored and are shown in Fig.

2 with mounted PET films. Aluminum parts, 4” discs and rings, were CNC machined
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from a 1.78 mm thick Al sheet. All of the designs made use of nuts and bolts to secure
the film to the substrate. Rubber rings were used to prevent SU-8 from getting into the
nut and bolt arrangement thus facilitating their removal during the process (see section on
Exposure below). Out of the proposed designs the one consisting of only an aluminum
ring was chosen (Fig. 2 middle and Fig. 3). By only employing a ring the overall weight
of the holder gets greatly reduced and allows significantly higher spin speeds (>4000
RPM) than those achieved by other designs, namely the ones requiring the aluminum
disc. A wider range of spin speeds means more film thickness options given a photoresist
composition. The use of the ring design also creates a transparent back window, when
using PET as substrate, into the coated SU-8. This window enables the back-exposure of
SU-8 which optimizes the wall slope for molding applications (see section on Exposure
below). This advantage is only exploited with the use of Ultraviolet (UV) transparent
films such as PET. Polyimide cannot be used as it efficiently filters out UV light
wavelengths. With the proper stretching and tightening of the film to the aluminum ring a

rigid enough substrate is obtained (see Fig. 3).
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Figure 2 Different film holder designs fabricated in aluminum
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Figure 3 The selected aluminum ring film holder
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Independently of the substrate, the spin coating parameters of SU-8 2150 followed in this
work are based on those presented in MicroChem datasheet [96] but introducing a few
variants, namely acceleration rates and spinning times. A Laurell spinner model
WS-400B-6NPP/LITE (Laurell Technologies, North Wales, PA) was employed. Spin
coating was conducted in two steps. The first step was for the uniform spreading of SU-8
over the substrate and was performed following an acceleration ramp to 500 RPM of 340
RPM/s. This spin speed was held for 15 seconds. The second step is for the thinning of
the photoresist onto a desired thickness so the final spin speed implemented depends on
the desired film thickness. In order to improve film uniformity the duration of this step
was increased from the recommended 30 s to 60 s. The acceleration of this step was
maintained at 340 RPM/s. A resume of the spin parameters implemented during this work
can be found in Table 2. The use of these parameters causes the spin speed vs. film
thickness curve presented in SU-8 2150 processing datasheet (thinner line) [96] to shift

downwards as shown in Fig. 4 (thicker line).

Table 2 Spin coating parameters followed by this work

Step Spin Speed (RPM) Acceleration
Rate
(RPM/s)
1 500 15 340
2 Depends on desired thickness. 60 340
See Fig. 4
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Figure 4 Film thickness vs. spin speed for SU-8 2150 under different parameters

Soft-bake

After SU-8 coating, the substrate-resist arrangement is soft baked (also known as
pre-exposure baked or prebaked). The objective of this step is to evaporate the solvent, in
this case cyclopentanone (SU-8 2000 series uses cyclopentanone as solvent while SU-8
series uses gamma-butyrolactone, or GBL), still contained in the resist. This is a critical
step in that failure to sufficiently remove the solvent affects the resist profile but
excessive baking destroys the photoactive compound and reduces sensitivity. Soft bake
was conducted at 95 °C, either on a hotplate or in a convection oven, for different times
depending on the type of substrate and the film thickness. Hot plating the resist is faster,
more controllable, and does not trap solvent like convection oven baking does. In
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convection ovens the solvent at the surface of the resist is evaporated first, and this can
cause an impermeable resist skin, trapping the remaining solvent inside. However, the
thermal conductivity of PET and PI (see Table 1) forces the use of an oven. For those
samples where silicon was used as substrate a hot plate was employed. Extended bake
times ranging from 2 hours, on a hotplate for film thicknesses of 50-100 pum, to 16 hours,

in an oven for >250 um thick films, were implemented with positive results.

If a proper soft bake was conducted, the resultant resist is free of solvent and does not
flow at room temperature. At this point the glass transition temperature, Tg, of the
deposited photoresist matches that of pure SU-8 and only re-flows when heated above 55
°C. In the case of PET and PI substrates, the nuts and bolts used to hold the polymer film
rigid during spin coating should be removed together with the rubber rings to facilitate
the exposure step to be performed next. If the SU-8 and polymer films cool to room
temperature attached to the aluminum ring, the SU-8 film hardens and maintains a rigid
disk shape. Only at that point is safe to remove the nuts and bolts. Thanks to a small
quantity of SU-8 flowing in between the aluminum ring and the polymer film during
coating, the film stays “glued” to the aluminum holder even in the absence of the nuts
and bolts. This fact represents an advantage in the rest of the process, especially after post

exposure baking when it prevents the SU-8 film from curling up due to internal stresses.
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Exposure

After soft baking, the resist-coated substrates, silicon or polymer, are transferred to an
illumination or exposure system where they are aligned with the features on a mask. In
the simplest setup, as is the case in this work, an exposure system consists of a UV lamp
illuminating the resist-coated substrate through a mask without any lenses between the
two. The purpose of the illumination systems is to deliver light with the proper intensity,
directionality, spectral characteristics, and uniformity across the substrate, allowing a
nearly perfect transfer or printing of the mask image onto the resist in the form of a latent
image. The incident light intensity (in W/cm?) multiplied by the exposure time (in
seconds) gives the incident energy (J/cm?) or dose across the surface of the resist film.
UV radiation induces a chemical reaction in the exposed areas of SU-8 generating acids

that initiate the cross-linking of the polymer.

A SUSS MicroTec MA-6/BA6 (Waterbury Center, VT) mask aligner was used for this
work. The first major step towards improving surface roughness of the mold walls is to
use high quality masks. It is usually the case in research, especially when under economic
restraints, to employ transparency masks for photolithography. These kinds of masks are
plastic sheets that have been patterned (printed) with a high resolution plotter and can be
used directly to pattern photoresists. Even when they are affordable, the quality and
resolution that can be achieved with transparency masks are highly dependent on the
specifications of the plotter. Maximum resolution of commercially available plotter is
currently 7 um. Higher quality masks are fabricated by patterning a chromium film that

has been evaporated on low UV-absorption quartz plates. For ultimate quality, patterning
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is done with an electron beam tool. As expected, the obtained results are significantly
better than those achieved with transparency masks (See Fig. 5). The wuse of
chromium-on-quartz photomasks patterned with e-beam yields walls with minimal

roughness.

P (N
1.0kV 13.0mm 1.0kV 13.8mm

R EEE] T
1.0kV 13.9mm 1.0kV 12.6mm

Figure 5 Comparison between the use of transparency (top) and e-beam patterned
photomasks (bottom)

The effect of T-topping has been mentioned before as an effect that negatively impact
photoresists such as SU-8, especially when deriving high aspect ratio structures. The
reason behind 7-topping is the fact that SU-8 strongly absorbs light wavelengths that are

less than 350 nm. If using a broadband light source for exposure, as it is usually the case,
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UV light shorter than 350 nm is strongly absorbed near the surface creating locally more
acid that diffuses sideways along the top surface. Selective filtration of the light source is
then required to eliminate these undesirable shorter wavelengths. An easy and affordable
way to implement a filter is by using a 50-100 um layer of SU-8 placed in between the
light source and the mask. Commercial high pass filters with cut-out wavelength of 360
nm are also available. This work made use of the SU-8 layer approach. T-fopping was
immediately eliminated with the use of a 50 pm SU-8 layer on a quartz plate as filter (see

Fig. 6).

C-BMG 106V 12 Bmm x15

Figure 6 The T-fopping effect (left) and its elimination by the use of a SU-8 filter (right)

Even when quartz and SU-8 appear transparent to UV-light, the filter arrangement does
attenuate the incident intensity on the SU-8 film. In order to properly expose the film is
thus necessary to take the attenuation factor of the filter into account and adjust the
exposure dose accordingly. Furthermore, as it will be seen below, the implementation of
a back-exposure arrangement adds another attenuation factor, that of PET film, that also

needs to be accounted for. Table 3 gives the transmittance and absorption percentages of
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PET and the filter employed in this work (values of the filter are highly dependable on
process conditions and are not recommended to be taken as reference for other works). In
order to account for elements present in the optical pathway between the UV lamp and
the SU-8 film (see Fig. 7) and adjust the experimental exposure dose accordingly, the

following relation must be obeyed:

Recommended dose

Experimental dose = (1)

t *tuar oo,

Where t denotes UV transmission percentage of an element n on the optical pathway.
Recommended dose is the value recommended in SU-8 processing datasheet while
experimental dose is the one to be implemented. For example, if back-exposure is to be
conducted through 70 pm PET film and the filter used in this work and the recommended
dose is 500 mJ/cm?, the experimental dose is then 3780.92 mJ/cm®. This relation allows
for the adjustment of dose values (mJ/cm?®) in the Film thickness vs. Exposure dose
recommended in the SU-8 processing datasheet. Fig. 8 shows an adaptation of this
relation along with suggested optimal ranges, obtained experimentally, for exposure dose
depending on the area of the pattern to be exposed. Large area patterns (> 500 pm?)

require more exposure dose than small area patterns.
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Table 3 Transmission and Absorption percentage for PET and filter

70 um PET (Mylar®) film 83.13 16.87
Filter — 50 pm SU-8 layer on quartz plate 15.908 84.092

Vvl

UV Light

HHH<

FILTER

% MASK

PET FILM

SU-8
Experimental Exploded View

Set-up

Figure 7 Optical pathway between UV lamp and SU-8 film
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A key improvement to the process is the capability to conduct back-exposure on a
flexible transparent substrate. This is enabled by the use of PET film as substrate. It was
noted above that an ideal mold features a wall slope of 90° or slightly wider (90-95°) to
facilitate demolding. The logic to follow to obtain positive slope walls on the final part
depends on the type of photoresist being used. In the case of positive photoresists
exposed from a top light source, diffraction effects generated at the mask-film interface
cause a negative slope (<90°) on the mold wall that prevents a clean demolding step (See

Fig. 9A). However, if exposure is done from the back, by shining light through a
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transparent substrate, the wall slope reverses becoming positive (> 90°) (Fig. 9B).
Diffraction effects occur in both cases but they are exploited to the benefit of the mold
when employing back-exposure. In the case of SU-8, and negative photoresists in
general, cross-linking is induced as light shines upon selected areas. The application of
the same diffraction principle discussed in the case of a positive photoresist would dictate
walls with positive slopes when using top-exposure and negative slopes with
back-exposure. Based on experimental observation, different mechanisms, other than
diffraction, are suspected to be responsible for the different cases of wall slopes in the
case of negative photoresists. A theory is based on the fact that the amount of
cross-linking acid generated during exposure depends on the dose delivered to the resist
(recall dose = light intensity multiplied by time = exposure energy). When implementing
a top-exposure arrangement (Fig. 9C), the layers on the top of the film receive more
energy and thus a larger acid amount is generated when compared to the polymerizing
agent created in the bottom of the film. Furthermore, as the top layers of the film become
exposed, their UV transmittance diminishes [96] effectively attenuating the UV light
meant to induce cross-linking in the layers underneath. Because of the energy gradient
present during exposure, a concentration gradient of the cross-linking acid is also
obtained. The presence of a saturated concentration of acid on the top layers induces an
acid diffusion around the exposed area and broadens the pattern originally intended (a
soft T-topping effect). The result is a negative wall slope that resembles the one obtained
by taking diffraction effects into account with positive photoresists (Fig. 9A). The
diffusion effect is expected to be responsible for the negative slopes commonly seen in

SU-8 walls (Fig. 21A). By implementing back-exposure through a transparent substrate
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(Fig. 9D), the same mechanism is reversed such that more cross-linking acid is generated
on the part of the film attached to the substrate and less acid on the other side (the one to
become the top of the mold). This leads to positive wall slopes on the final SU-8 mold
(Fig. 21B). Even when a back-exposure procedure can be easily implemented with any
transparent substrate, glass or quartz for instance, the use of transparent films, such as
PET, provides a flexible substrate which enables the clean release of the SU-8 mold from
the film at the end of the process; a challenging fact when using glass or quartz.
Unfortunately, polyimide efficiently filters UV light and thus cannot be used for

back-exposure.
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If the mold design features structures within structures, a mold for a nut or gear for
example, and the goal is to obtain a free standing SU-8 part, a holding substrate must then
be fabricated. Several ways were implemented to achieve this. The simplest ones were to
fabricate the desired SU-8 structures directly on polyimide or polyester films. The
preferred alternative is to first pattern holding substrates, say 1 cm” squares, on a thick
SU-8 layer and then fabricate the desired SU-8 structures, using top or back-exposure®,
on top of the squares (Fig. 10). After the process, the PET film that held both SU-8
layers, substrate and features, is peeled off yielding free standing all-SU-8 molds
featuring structures within bigger structures. It will be seen in Chapter 3 that the all-SU-8
approach is preferred over the use of polyimide or polyester as holding substrates for
smaller structures within larger ones. The main reason for this is that although both PI
and PET carbonize, they do not share the same CTE with SU-8 and thus thermal
expansion stresses are introduced in the carbonization process (refer to Table 1). A part
fabricated completely out of SU-8 does not suffer from these stresses and creates carbon
molds with better fidelity to the intended design. Table 4 illustrates the advantages and

disadvantages of different substrates.

* In the case of back-exposure, one must take into account the fact that the pre-fabricated SU-8 substrate
squares are in the optical pathway and their attenuation must be considered. At the same time, the SU-8
holding substrate can also act as a filter for shorter UV wavelengths.
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Table 4 Advantages and disadvantages of different substrates

Opaque Rigid | YES Silicon Challenging

Opaque Flexible | YES | NO Polyimide Easier YES
Transparent | Rigid | YES | YES | Glass, Quartz | Challenging NO
Transparent | Flexible | YES | YES Polyester Easiest YES

TE= Top-exposure, BE= Back Exposure, SR = Substrate Release, C=Carbonizes

The two-layer SU-8 process exposed above (Fig. 10) also allows for the creation of
complex molds featuring undercuts and overhangs and can be expanded to n-layers. This
multi-layer process requires the individual processing of n layers and the precise
alignment of different masks, which might vary with layer, during exposure. Even when
any substrate might be used to carry such process the use of transparent films still offers

the same advantages discussed above.

Multi-layer photolithography can be a tedious and long process especially if high aspect
ratio structures are being fabricated. Alternatives to multi-layer photolithography to
achieve Grayscale Lithography were also explored in this work. The first alternative
consisted on the sequential exposure of different masks on the same layer and at the same
exposure step. Top or back-exposure, or a combination of both, might be employed. A
very thick SU-8 layer was spin coated on a PET film and soft baked for 16 hours. After
removing nuts and bolts in order to obtain a planar topography that enabled the use of the
MA-6 aligner, the mask with the features of the mold was first used to back-expose the

SU-8 layer with the goal of transferring the pattern along its complete thickness (dose

37



was 4000 mJ/cm® employing back-exposure and filter). Immediately after, the mask was
changed to the one containing 1 cm? squares. In this particular case, because of the use of
a negative photoresist, back-exposure is required’. Back-exposure through the filter was
employed again but this time the dose was reduced to 200, 450, 900 or 1800 mJ/cm?. The
goal of this second step is to only expose a percentage of the SU-8 thickness that is
enough to act as a holding substrate (Fig. 11). In this way the process time was cut in half
since it only required the deposition of one layer instead of two to obtain a two level
topography. Even when the mold features were correctly developed using a final dose
ranging from the 4500 to 5800 mJ/cm’ the intended holding substrate could not be
properly fabricated®. This failure is believed to be attributed to either of two causes: 1)
short PEB times that prevented full cross-linking or 2) to the fact that the dose was
changed in function of the exposure time only (recall that dose is given by the product of
incident light power density times exposure time) while the incident light power density
remained the same (10 mW/cm® in this case). SU-8 is practically transparent to
wavelengths above 360 nm for thicknesses up to 2 mm. By keeping the light power
density constant, a cross-linking reaction is induced all along the thickness and the
concentration of acid generated thus only depends on the exposure time. Less exposure
time means less acid concentration generated in the film which translates to the
requirement of more thermal energy during post exposure bake to complete the

cross-linking reaction. This is in contrast to keeping the time constant and attenuating the

> Top-exposure might also be used but special care must be taken to pattern access gates for the developer
to reach all un-cross-linked volumes.

S The first mask was exposed a total of 4000 mJ/cm?® plus either 200, 450, 900 or 1800 mJ/cm?® of the
substrate layer. A total exposure of 5800 mJ/cm” was found to be optimal to expose the complete thickness
of the 300-400 pum layer.
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incident light power density. In this case, cross-linking is induced only on those parts
where the attenuated light is able to reach. Acid is not generated in those parts where
light couldn’t reach. With the proper amount of thermal energy the cross-linking reaction

finishes where acid is present and a two level topography is thus achieved.

UV Exposure 1.
Features

. -
HH'H"H Wﬂw Substrate Release

UV Exposure 2.
Substrate

Uncross-linked SU-8 ”H” Exposed SU-8 Cross-linked SU-8

7, Mask PET

Figure 11 Fabrication process for one-layer multi-exposure
Grayscale Lithography
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The results suggest that insufficient PEB times are the cause to blame. This theory is
supported by a series of facts. Fig. 12 shows similar thickness mold features as the
exposure time is increased from 116.8 to 200 and 250 s given a power density of 10
mW/cm? and a similar PEB treatment is conducted after exposure. The surface roughness
is demonstrated to diminish as exposure time increases. Since cross-linking depends on
the proper combination of exposure dose (light intensity * time) and PEB times, this
suggests that lower exposure times are not enough to fully crosslink the polymer given a
PEB time. Fig. 13 shows a series of pictures showing how the substrate layer behaves as
the exposure time increases. An exposure time of 20 s did not yield any discernable
substrate layer since the dose on the film was only 26.44 mJ/cm” (see equation 1) and
such value is not expected to induce any cross-linking. Exposure times of 45 and 90 s
(59.50 mJ/ cm® and 119 ml/cm® respectively) yielded an increasing thickness of the
substrate layer. Even when the thickness increases as expected (Fig. 13), the substrate
layer is never fully cross-linked as it can be concluded from the pictures. This is believed

to be a consequence of insufficient PEB times.
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An alternative Grayscale Lithography technique is the variation of light intensity across
the SU-8 film to obtain topographies with two or more levels. An affordable and easy
way to achieve this is by employing the SF-100 Maskless Lithography System from
Intelligent Micro Patterning, LLC. The SF-100 systems are based on the Digital
Micromirror Device (DMD) chip from Texas Instruments Inc. (TI), and rely on the same
spatial and temporal light modulation technology used in DLP (Digital Light Processing)
projectors and HDTVs (high definition televisions). Different levels of light intensity are
achieved by controlling the rate a mirror switches between on and off. When a mirror is
switched on more frequently than off, it reflects a light gray pixel; a mirror that is
switched off more frequently reflects a darker gray pixel. In this way, the mirrors in a
DMD system can reflect pixels in up to 1,024 shades of gray to convert the video or
graphic signal entering the DMD chip into a highly detailed grayscale image. This system
was employed to derive the SU-8 structures shown in Fig. 14 using the software mask in
the same figure. By correlating an RGB color value in a computer with a value of power
intensity from the lamp, a process can be designed where an RGB value on the software
mask yields a specific photoresist thickness. Fig. 15E shows the measured power
intensity values as the RGB value changes. The RGB value shown in the X axis is the
one used to set all the Red, Green and Blue values in Microsoft Paint™ (for example RGB
=100 means R, G and B equal 100). RGB values of 100, 120, 140 and 160 (Fig. 15 A, B,
C and D respectively) were used to expose a similar layer thickness of SU-8 with the
same mask. A qualitative conclusion was reached based on the optical and SEM picture

sequence 15 A, B, C, D showing how lower RGB values yield thinner SU-8 layers.
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Figure 14 Examples of Grayscale Lithography on SU-8 obtained with the SF-100
system and the mask used to fabricate them (bottom)
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Figure 15 Correlation between RGB values and resultant
SU-8 thickness
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Post Exposure Bake

A post-exposure bake (PEB) of the exposed SU-8 is required to complete the
cross-linking reaction. In the case of a chemically amplified resist, such as SU-8, the post
exposure bake is most critical. Although the cross-linking reaction induced during
exposure continues at room temperature, it is greatly catalyzed by baking at 60-100°C.
The precise control of PEB times and temperatures critically determines the subsequent
development and the quality of the final features. Extended PEB times will introduce
significant amounts of stress in the polymer that will most likely cause cracking on the
surface, structure bending or peeling from the substrate in the worst cases; especially in
extended, large surface area features. Reduced times will yield structures that are not
completely cross-linked and can be attacked by the developer. This causes extremely
high surface roughness or even complete dissolution. An optimal PEB improves
adhesion, reduces scumming (resist left behind after development), increases contrast and
resist profile (higher edge-wall angle) and reduces the effects of standing waves in a

regular resist.

In order to minimize internal stresses in the structure, a similar three step PEB was
conducted for all films thicker than 100 um which yielded positive results. The baking
started with a 10 minute heating at 65 °C followed by a 15-20 minute interval at 95 °C.
The final step consisted of an extra 10 minutes at 65 °C. All steps were conducted in a
convection oven. It is believed that PEB benefits from convection heating as thermal
energy is applied all over the surface area of the polymer structure. Rapid heating and

cooling of the exposed pattern should be avoided as rapid changes induce a significant
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amount of stress. Thanks to the aluminum ring still attached to the polymer substrates
after PEB, the exposed SU-8 film remains planar during the complete process. The fact
that the coefficients of thermal expansion of PET, PI and Al are similar and approach that
of SU-8 greatly reduces stresses on the interfaces when compared to the use of Si as

substrate.

Development and Hard Bake

Development is the dissolution of un-polymerized resist that transforms the latent resist
image, formed during exposure, into a relief image that will serve as a precursor for
carbonization in this case. During the development of SU-8, those areas that were not
cross-linked will dissolve upon immersion in the proper developer (in this case,
commercial SU-8 developer from MicroChem). Constant agitation during development is
recommended to constantly feed fresh developer to the substrate and decrease developing
times. However, care must be taken when developing high aspect ratio structures as

excessive agitation might cause mechanical failure.

Normal development times employed in this work ranged from 5 to 15 minutes with
constant moderate agitation. Developed parts were then quickly rinsed with acetone and
iso-propyl alcohol, in that order, and blown dried with a nitrogen gun. Depending on the
substrate used in the process, three types of SU-8 molds were obtained, SU-8 on silicon,
SU-8 on polyimide or free standing SU-8. Traditional photolithography was conducted to
obtain the SU-8 on silicon molds while SU-8 on polyimide molds only incorporated a

few of the improvements listed in this chapter, namely the use of the film holder. The
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case of free standing SU-8 molds (Fig. 16) is of most interest and is achieved by using
PET film as substrate. A further advantage of the use of PET is the capability to conduct
back-exposure on SU-8 to optimize the wall slope for molding applications. Thanks to
the low adhesion of SU-8 to PET and to the fact that a 70 um PET film is highly flexible,
the SU-8 parts could be easily peeled off complete from the PET film by just bending the
film. Parts could be peeled off from PI films in a similar way but retrieving complete

parts proved to be a challenge given the higher adhesion of SU-8 to PI.
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Figure 16 Free standing SU-8 micro molds
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CHAPTER 3. Fabrication Process II: Carbon Micro Molds and BMG

Forming

This chapter deals with the derivation of carbon molds from the SU-8 precursors
fabricated in Chapter 2, the process of BMG thermoplastic forming and the demolding of

the BMG parts.

Carbonization

Carbonization is the process by which solid residues with a high content of carbon are
obtained from organic materials, usually by pyrolysis in an inert atmosphere [103].
Different precursors to obtain glass-like carbon, other than photoresists, may be used and
include phenolic resins, polyfurfuryl alcohols, cellulose, polyvinyl chloride and
polyimides [29, 41, 42, 56, 61, 104-112]. The mentioned precursors do not melt during
the carbonization process but rather maintain their shape along the process thus allowing
the derivation of patterned or shaped carbon pieces. However, different degrees of
shrinkage and carbon yield (the ratio of the weight of carbon to the weight of the original
polymer sample) are obtained during carbonization depending on the precursor used. In
the case of photoresists, volume shrinkage varies from 50 to 90% [62, 66, 67, 70]. As
with all pyrolytic reactions, carbonization is a complex process with many reactions
taking place concurrently, including dehydrogenation, condensation, hydrogen transfer

and isomerization [113-121]. The pyrolysis process of photoresists, and organic
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compounds in general, can be divided into three major steps: pre-carbonization,
carbonization and annealing. Important is to recall now that SU-8, being a thermoset
resin, has an amorphous structure consisting of aromatic molecules that are randomly
dispersed. The first step of pyrolysis is pre-carbonization. During pre-carbonization (T <
573 K) molecules of solvent and unreacted monomer are eliminated from the SU-8
matrix. The carbonization step can be further divided into two stages. From 573 to 773 K
(300 to 500 °C), heteroatoms such as oxygen and halogens are eliminated causing a rapid
loss of weight, but a minimal volume shrinkage, while a network of conjugated carbon
systems is formed (i.e. carbon ribbons are formed). Hydrogen atoms start being
eliminated towards the end of this stage. The second stage of carbonization, from 773 to
1473 K (500 to 1200 °C), completely eliminates hydrogen causing the carbon ribbons to
move together. This carbon network crumbling causes a significant loss of volume but a
minimal change in weight. At this point, permeability decreases and density, hardness,
Young’s modulus and electrical conductivity increase. The final step, annealing, is
carried out at temperatures above 1473 K, to allow the gradual elimination of any
structural defects and evolve further impurities [41]. The final pyrolysis temperature
determines the degree of carbonization and the residual content of foreign elements. For
instance, at T ~ 1200 K the carbon content of the residue exceeds a mass fraction of 90%

in weight , whereas at T ~ 1600 K more than 99% carbon is found [29, 118, 122].

For this work, pyrolysis was conducted on a Thermco Mini-Brute MB-71 diffusion
furnace featuring a quartz tube. Nitrogen gas was flowed at 2000 sccm during the process

to create an inert atmosphere in the tube. All pyrolysis processes featured a final
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temperature of 900 °C. The heating ramp was conducted in two steps with a 30 minute
interval in between them. First ramp was from 0 to 300 °C at 25 °C/min while second
ramp was from 300 to 900 °C at 12 °C/min. Furnace was then held at 900 °C for 1 hour.
Cooling ramp was set to 2 °C/min. The two step heating ramp, and the interval in
between, is mainly conducted to completely eliminate oxygen residues, often present in
negative photoresists, before high temperatures are reached and where the presence of
oxygen derives in the burning of the photoresist instead of its thermal degradation to

glass-like carbon[67].

The pyrolysis process yielded different results depending on the substrate employed.
Recall that after the photolithography process three different mold designs were obtained:
SU-8 on silicon, SU-8 on polyimide and free standing SU-8 (SU-8 pattern on a SU-8
substrate). While polyimide and SU-8 carbonize, silicon does not thus two types of final
carbon molds are possible: carbon-on-silicon or all-carbon. At this point is important to
note that the pyrolysis of high-surface-area SU-8 patterns on a rigid substrate has so far
only been successfully demonstrated with silicon wafers, or wafers coated with silicon
oxide. Quartz has been previously tried but the large mismatch between the coefficients
of thermal expansion (CTE) of quartz (0.59 10%/K) and the resultant glass-like carbon
after pyrolysis (2.2-3.2 10%/K) has caused the patterned carbon to curl and peel from the
quartz substrate. Few other practical materials are able to withstand the required
temperatures for pyrolysis making the choice for substrate quite limited. The use of
silicon as substrate offers a CTE of 2.6 — 4.3 10%/K and allows the obtainment of

glass-like carbon patterns on a flat substrate. However, experimental results have shown
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that the successful derivation of a carbon pattern on a silicon-based substrate depends on
the SU-8 precursor dimensions. Specifically, the X-Y surface area that must be patterned
in the polymer to obtain a carbon structure reduces as the thickness, or Z dimension,
increases. For example, SU-8 films thicker than 20 pm must be patterned in features with
a surface area less than 200-300 pm”. A 4” wafer can be easily coated with a 1-2 um
carbon layer if departing from a 10 um layer of SU-8. Finally a 200 pm post with a
diameter of 50 um can be derived from a 400 um high, 100 pm diameter SU-8 post.
These parameters are given as a general guideline; a full characterization is pending to be
conducted. Therefore, is a challenge to fabricate thick carbon structures featuring a large
surface area on silicon-based substrates. Three different mold designs were obtained

using silicon as substrate. Results are shown in Chapter 4.

The pyrolysis of SU-8 on polyimide yielded interesting results. Kapton® film or Cirlex®
were used as polyimide substrates. After SU-8 features were developed and prior to
pyrolysis, 1.2 cm” squares, containing the SU-8 pattern of 1 cm?, were cut out with
scissors. During the initial stage of pyrolysis the difference of CTE between SU-8 (50-52
10°/K) and polyimide (20-40 10°/K), together with the fact that Kapton® is flexible
caused the bend up of the Kapton®-SU-8 arrangement. The resultant carbon molds are
shown in Fig. 17. Important is to note that the pyrolysis of only Kapton® films of similar
dimensions yielded flat carbon layers. The use of Cirlex” gave carbon molds with a lower
degree of bending. However, Cirlex” substrates are not suited for carbonization. Cirlex®
is basically an adhesiveless stack of polyimide films that behaves well at lower

temperatures. It is believed that during pyrolysis the different layers of polyimide do not
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carbonize in a uniform manner and introduce mechanical imperfections, such as bubbles,
in the stack. After pyrolysis, several bubbles are present even when the resultant carbon

mold is flat (Fig. 18).

Figure 17 Curved carbon molds derived from SU-8 patterns on a Kapton® film substrate

Figure 18 Carbon molds derived from patterned SU-8 on a Cirlex” substrate
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At last, the pyrolysis of free standing SU-8 molds was conducted. As a reminder, these
molds were obtained by peeling out the SU-8 parts from the PET film that served as
substrate during the photolithography process. In this case there are no material interfaces
in the polymer part. This offers a homogeneous mold that expands uniformly as
temperature varies and yielded the best results in terms of fidelity to the original design.
The comparison on the use of different substrates, or no substrate, is given in Chapter 4 in
the results section. To summarize, two different kinds of mold were obtained after
carbonization: 1) carbon on silicon and 2) all carbon. All carbon molds were further

classified as those from SU-8 on polyimide or all SU-8.

BMG Thermoplastic Forming

BMG molding was not conducted by the author of this thesis but by his collaborators at
Yale University, Dr. Golden Kumar and Dr. Jan Schroers. Briefly, BMG forming was
conducted using custom heating plates (top and bottom) installed on a load cell of an
Instron mechanical testing machine to allow a precise control of temperature and applied
pressure during experiments. Carbon molds were heated to 430 °C by the bottom heating
plate while a piece of Zr-BMG, an alloy of Zr4sTi;1Cu;oNijgBeys also known as Vitlb,
was placed on the heated mold. After allowing 30 s to equilibrate the temperature of mold
and Vitlb, the applied load was increased to attain a preset pressure value of 10 MPa.
The applied pressure was kept constant for varying time intervals depending on the mold
type and features. For further references on BMG molding the reader is directed to [20,

22,23, 123-125].
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Carbon mold release and sacrificial molds

Different approaches were considered for the demolding of the BMG parts. Sacrificial
molds were initially considered given the relative easiness to fabricate them and the low
cost of the mold itself. Wet immersion in a variety of chemicals was first explored with
unsuccessful results. Table 5 summarizes such results. A 1.56 um carbon layer was
fabricated on a 4” silicon wafer which was then diced into 1 cm? squares. One square was
then immersed in 10 ml of the chosen chemical. Although no chemical used was capable
of etching carbon, most of the chemicals caused the carbon layer to peel out from the
silicon substrate. Acetone was found to be the one that peeled the carbon in the most
rapid and uniform way. Uniform peeling refers to the fact that the layer peels off as a

whole, non uniform denotes peeling in pieces.

Table 5 Results of attempted carbon etching with different wet chemicals

Etching Peeling, Velocity,
Uniformit

HNO; NO Yes, Fast, Non uniform
H,SO, NO No

H3PO4 NO No

HCl NO Yes, Moderate, Uniform
RCA solution NO Yes, Fast, Non Uniform
NaOH (30%) NO Yes, Moderate, Uniform
Acetic Acid NO Yes, Moderate, Non Uniform
Acetone NO Yes, Faster, Uniform

Experimental results coincide with the literature in that no chemical is known to attack
glass-like carbon [36, 38, 105]. Oxygen is the only element known to attack this material
and only does so under certain conditions, namely high temperature or plasma

environments. Thermal heating at 900 °C for an hour is routinely used by this author to
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clean silicon wafers from carbon residues. However, at such temperatures few materials
survive and BMGs are not one of them. Therefore, oxygen plasma is the best option to

etch carbon.

The bulk removal of carbon residues from formed BMG parts was implemented with a
Minilock-Phantom III Inductive Conductive Plasma/Reactive lon Etching, ICP/RIE
(TRION Technology). Oxygen plasma was generated at 7 mT of oxygen pressure and
275 W of power. Resultant etch rate was 1.2 um/min. The use of an inductive conductive
plasma (ICP) allowed for faster etch rates than those reported by some [126]. After a 10
min plasma treatment, the carbon mold is broken down and a simple sonicated bath in
acetone is enough to remove most of the carbon residues. Full cleaning of the BMG part
could not be achieved as pictured in Fig. 19. Residues shown are believed to be
mechanically interlocked on the rough surface. On the bright side, the dashed ellipses on
Fig. 20 demonstrate the capability of BMG to replicate even the finest details such as the

wall roughness of the carbon mold (shown on the left of the figure).

Figure 19 Carbon residues on the BMG wall
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Figure 20 Fine features replication on BMG parts (right). Carbon molds shown on left

Important is to note that BMG molding, and the subsequent oxygen plasma etching, has
only been conducted with carbon molds featuring negative slopes (< 90 °C). Even when
positive slopes have been achieved, these later molds have not been used for BMG
forming. The use of a mold featuring walls with positive slope (see Fig. 21 right)
facilitates the clean release of the part from the mold [2]. This is in contrast to the use of
walls with negative slopes, as is the case of the results just shown (Fig. 21 left), that have
been proven to mechanically lock the formed part in the mold. BMG forming is planned
to be conducted using the new improved molds. The use of these molds featuring positive
slopes on its walls together with the inertness of glass-like carbon and its resistance to be

wetted by most materials are expected to enable the clean release of the BMG part.
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Nevertheless, the expertise obtained on carbon etching by oxygen plasma will allow for
the implementation of sacrificial carbon molds featuring overhangs and undercuts (refer
to Grayscale Lithography results presented in Chapter 2). In this case an etching system
that attacks the carbon from all directions would be preferred over a line-of-sight
approach such as Reactive lon Etching (RIE). Candidates for implementing an isotropic

etch include oxygen plasma and xenon difluoride systems.

y
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C-BMG 5.0kV 13.4mm x296 11/26/08 Madou 1.0kV 12.0mm x180 4/27/09 167um

Figure 21 Negative (left) and Positive (right) slopes on fabricated molds
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CHAPTER 4. Results and Further work

Different results were obtained depending on the kind of mold used. The first set of
results was derived using carbon-on-silicon molds. The fabrication sequence for two
different BMG geometries is shown in Fig. 22. SU-8 molds (Fig. 22A, B) were fabricated
on a Si/Si0, substrate following a traditional UV photolithography process. Carbon
molds shown in Fig. 4.1C and D were obtained by pyrolysis of these SU-8 molds and
were then used to TPF the BMG following the method detailed above. Carbon molds
were then released by mechanical means (Fig. 4.1E, F). Oxygen plasma was relied on to
remove the bulk of the remaining carbon (Fig. 4.1G and H) from the BMG while an
acetone bath with sonication was used to remove carbon residues. Finished BMG parts
are shown in Fig. 4.11 and J. Other BMG structures fabricated with the same process are

shown in Fig. 23. A minimal gap of 2 um was obtained by this process (Fig. 24).
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Figure 22 Fabrication sequence for carbon-on silicon molds
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Figure 23 Other carbon-on-silicon geometries
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Figure 24 Achieved 2 um gaps between BMG structures
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The first important refinement to the fabrication process presented above was the
elimination of the silicon substrate. The incorporation of alternative substrates such as
polyimide and polyester films allowed the fabrication of free standing carbon molds. It
was already mentioned that the use of polyimide as substrate derives in curved carbon
molds (Fig. 17) given the difference in the coefficients of thermal expansion (CTE)
between SU-8 and polyimide. Even when free standing carbon molds could be derived in
that manner, the fabrication process did not yield an acceptable geometry and had poor
reproducibility. It was obvious then that stresses due to mismatches on the thermal
properties of the precursor materials had to be eliminated. The second improvement was
the incorporation of a releasable substrate in the process. Based on the
printed-circuit-board (PCB) industry experience, a PET film was selected to be used as
peel-off substrate’. As mentioned before, the use of PET film allowed for its easy and
clean release from the SU-8 mold before pyrolysis. Important is to note however, that
PET film should be released after the developing step and not prior. Attempts to remove
it prior to development resulted in mechanical deformation of the mold as the
adhesion of uncross-linked SU-8 is significantly higher than that of its cross-linked
version. The use of a releasable PET film, besides reducing processing costs, eliminates
stresses at the interface of different materials since the mold to be pyrolyzed is composed
only of SU-8. Recall that in Chapter 2, in the Exposure section, two different processes
for SU-8 patterning when using PET substrates were detailed. One of them consisted on

the direct fabrication of SU-8 molds on PET and the other was the fabrication of SU-8

" PCBs are usually patterned using a photoresist mask. This mask is obtained by the lamination of a dry
thick photoresist on the board and its subsequent photopatterning. Laminated dry photoresist is sold in
between a layer of PET and polyolefin films to prevent contamination and facilitate handling. Prior to
lamination to the PCB, the polyolefin layer is peeled off. PET layer is released before or after exposure.
Both PET and polyolefin feature a low adhesion to the resist which allows for an easy, clean release.
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square patterns on PET to act as substrate for the subsequent fabrication of SU-8 patterns
(Fig. 10). The second approach was preferred since it allows the fabrication of structures
within structures. The use of a SU-8 substrate improves the fidelity of SU-8 patterns to
the design intended originally. Fig. 25 shows patterns exposed from similar blank disks
on the mask and following the same process. The walls of the cylinder are intended to be
vertical. As expected, results show how the use of a SU-8 substrate gives the best results
(Fig. 25A ). Comparable results are obtained with Kapton® film substrates (Fig. 25B) as
the CTE of polyimide approaches that of SU-8. However, the use of Cirlex”, a stack of
polyimide films, gives the substrate a rigidity that negatively impacts wall verticality
(Fig. 25C). The worst results are obtained with the use of silicon substrates (Fig. 25D).
Therefore, the magnitude of the mismatch between the CTE of SU-8 and its substrate and
the rigidness of the latter significantly impact SU-8 processing. The negative results
obtained with a mismatch on the CTEs of the different materials in the mold are further
amplified during pyrolysis as can be qualitatively concluded from Fig. 25 (right column).
At the end, the use of SU-8 free standing mold precursors greatly improves carbon mold

fidelity to the original design albeit the isometric carbon shrinkage.
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Figure 25 SU-8 structures deformation due to thermal stresses when employing different
substrates: A) SU-8, B) Kapton® film, C) Cirlex” and D) silicon wafer. Left column are
SU-8 parts that are then carbonized by pyrolysis (shown in right column)
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A BMG forming process using the molds derived from free standing SU-8 parts is shown
in Fig. 26. The replication of even the slightest feature on the carbon mold is remarkable.
Cleaning of the formed BMG gear was not conducted. The use of the all-carbon molds,
derived from free standing SU-8 parts, allowed for better wall verticality than
carbon-on-silicon or the all-carbon derived from SU-8 on polyimide substrates. However,
the walls are still considerably rough and have a negative slope (<90 °C) that causes the
mechanical interlock of the BMG part to the carbon mold and thus prevents a clean
demolding step. Mechanical interlocking is demonstrated by the facts that the carbon
mold, regardless of the type, is broken upon forcing the BMG part out (Fig. 22E, F) and
that carbon residues are still present on the BMG walls even after oxygen plasma and
sonication treatments (Fig. 19). Even when the surface roughness of the final BMG parts
can be improved by re-heating above their glass transition temperature [24], smoother
walls with a positive slope to eliminate mechanical locking were required. It was believed
that the fulfilling of these requirements would enable a clean demolding process and
render the cleaning by oxygen plasma step unnecessary, except of course when
considering the use of sacrificial molds in certain applications. It is important to mention
that glass-like carbon is well known for its inertness and near-atomically-flat surface and

is routinely used as crucible material since most materials are incapable of wetting it.
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Figure 26 BMG forming process using carbon molds derived from free standing SU-8
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The next improvement, albeit a not so novel one, was the adoption of a high quality
photomask instead of transparency mask. The new photomask consisted on a patterned
chromium layer on a quartz plate. Patterning was done with e-beam lithography. Mask
was fabricated at Tanner Research, Inc. (Monrovia, CA) and was facilitated by Dr. Jan
Schroers from Yale University. Significantly smoother walls are obtained with the use of
such mask. The results on SU-8 were already detailed in Chapter 2, Exposure section,

Fig. 5. Carbon parts derived from such SU-8 molds are shown in Fig. 27.

10.0kV 13.4mm %885 3/31/09 33.9um 10.0kV 13.6mm x€77 3/31/09 44 3um

10.0kV 13.4mm x819 3/31/09 36.6um

Figure 27 Carbon molds with minimal surface roughness
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The third major enhancement to the fabrication process was the capability to fabricate
mold walls with positive slope using back-exposure of SU-8 through the transparent
substrate. Again, the use of PET as substrate proved to be crucial. The details of this
improvement were already discussed in Chapter 2. Even when this improvement can be
easily implemented with any transparent substrate, glass or quartz for instance, the use of
transparent films, such as PET, provides a flexible substrate which enables the clean
release of the SU-8 mold from the film at the end of the process; a challenging action
when using glass or quartz. Different SU-8 structures were derived with this approach

and later carbonized. BMG molding and demolding are pending to be tested.

Summarizing, a series of improvements were incorporated to a traditional
photolithography process to enable the fabrication of flat carbon molds that feature
smooth walls with a positive slope. The first enhancement was the use of a PET film as a
substrate that could be peeled from the SU-8 parts prior to pyrolysis. This allowed for
free standing SU-8 molds. The use of a thick layer of SU-8 as a holding substrate for
SU-8 patterns was proved to yield the best fidelity to the intended original design.
Furthermore, the use of free standing SU-8 molds eliminated thermal stresses induced
during pyrolysis and minimized distortion of the carbon structure with respect to the
carbonization precursor. The second improvement was the adoption of an e-beam
patterned chromium-on-quartz mask. This allowed for the obtainment of smooth walls in
the carbon mold. The third improvement was the implementation of a back-exposure
protocol through the transparent PET substrate. This yielded positive wall slopes in the

mold.
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Even when carbon molds possessing desired features were obtained by this work, their
processing time was prohibitively long to enable an economically sound mass production.
For example, the fabrication of carbon molds derived from 350 um high SU-8 features
patterned on a 100 um thick SU-8 holding substrate took as long as 30.5 hours. Table 6
breaks down the process in the required steps and their time duration when fabricating
molds with thicknesses between 200 and 400 pm. It can be seen that soft baking and
carbonization are the lengthiest steps. Extended bake times were implemented to account
for the fact that SU-8 develops a hard skin that hinders the efficient evaporation of
solvent when using a convection oven. A hotplate could not be used as the PET substrate
is an efficient heat attenuator. However, while the time for carbonization is not amenable
for reducing, soft bake times are. The ideal case would be the complete elimination of the

soft bake step. This single action would cut the fabrication time in half.
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Table 6 Fabrication process and time duration of each step

Step Time duration % of total
(in minutes)

Substrate preparation 60 3-37
SU-8 Substrate fabrication (100 pm thickness)
Spin Coating | 5 0.25-0.3
Soft bake (in oven) | 120 6.1-75
Exposure | 5 0.25-0.3
PEB | 30 1.5-1.9
Developing | 20 1-1.2
SU-8 Patterns (200-400 pm thickness)
Spin Coating | 5 0.25-0.3
Soft bake (in oven) | 600 - 960 37.8 - 49.35
Exposure | 10 51-6.3
PEB | 40 2-25
Developing | 30 15-1.9
Carbonization 660 33.93 - 41.64
TOTAL 1585-1945 100
(26.5-32.5h)

Fig. 28 shows a suggested manufacturing line for the fabrication of free standing polymer
molds. While SU-8 could be the photoresist of choice, several other materials could be
used as long as they can be photopatterned. The first and most important step is the
replacement of resist spin coating with lamination. Because photoresist is not needed to
flow in order to be able to laminate it, soft bakes are no longer needed since no solvent
must be evaporated. Photoresist formulations containing only the resist and its
photoinitiator can be laminated above the glass transition temperature Tg of the resist (55
°C in the case of SU-8). Besides allowing for the elimination of soft bake steps,
lamination brings a myriad of advantages when compared to spin coating. Achievable
film thicknesses depend only on the pressure applied and separation between rollers in

the lamination system and not on the viscosity of the photoresist or the capability of a
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spin coater (maximum spin rate, acceleration rates, spin rate resolution). The obtainment
of film thicknesses above 500 pm is significantly easier with lamination than with spin
coating. Processing times prior to exposure are the same whether fabrication of 10 pm or
I mm thick structures is conducted. The elimination of spin coating allows for the
reduction on substrate preparation times and renders the use of fancy film holders, like
the aluminum ones suggested, unnecessary. Nevertheless, lamination can be a continuous
process while spin coating it is not. By replacing spin coating with lamination in the way
suggested above, processing times of thick films are reduced in 50-60%. Laminated dry
photoresists are available commercially. Some examples include Riston”, Ordyl BF 410,
Etertec® 5600, DF 4615 and DFR-15. The biggest disadvantage of dry resist is its
relatively low resolution compared to liquid resists. Two major reasons for this poorer
resolution are the thicker resist coating and the fact that the mask is positioned on top of a
thick protective cover film. By removing the top cover sheet from the photoresist prior to

exposure, higher resolutions are possible.
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Figure 28 Suggested manufacturing line for the fabrication of carbon molds

Once a polymer film with the desired thickness has been laminated, the polymer on PET
film is positioned in a back-exposure system. A sequential exposure scheme as the one
suggested in Fig. 11 is employed. The mask with the patterns of the mold is first exposed
utilizing an energy dose capable of inducing sufficient cross-linking across the complete
thickness of the film. The second mask contains the pattern to fabricate the holding
substrate and is exposed with a dose corresponding to its desired thickness. The use of
more sequential masks exposed with different dose, or a mask featuring different degrees

of attenuation for different patterns, for Grayscale Lithography of the mold could be
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incorporated as well. Intricate 3D patterns could also be achieved with the use of
grayscale, or sequential, masks and exposure sources on both sides of the film (Fig. 29).
Different thicknesses can be implemented by varying the dose each of the lamps delivers.
Any of the above schemes: sequential mask exposure, grayscale masks or two-source
exposure systems permits the fabrication of several layers of a mold in the same exposure
step. Recall that lamination enables the use of very thick films. As an example, one
could laminate a 1 mm layer, expose mold features and then use a dose to expose the
holding substrate that yields a thickness of 100 pum. The use of proper masks and a
back-exposure protocol yields the desired smooth, positive slope walls on the mold. Since
high quality masks (chromium-on-quartz) are usually patterned with e-beam lithography,
using a software mask, sequential masks to be exposed could be aligned at the
whole-mask level (alignment between patterns of different masks can be done by aligning
software masks used by the e-beam tool). The use of an SF-100 system (Chapter 2, Fig.
14 and 15) could be incorporated to benefit instant alignment between masks and the
developing of grayscale structures. However, the exposure field size of such systems (~ 1
cm?) reduces the production volume. The ultimate solution would be the use of electronic
paper [127, 128] as photolithography mask. In its most basic version, electronic paper
would allow for different software masks to be sequentially loaded to the electronic paper
and get instantly and correctly aligned. More advanced versions would allow for the
implementation of grayscales in the electronic mask. Electronic paper is now used in
portable digital reader devices, also known as e-book reader or device, such as the
Amazon Kindle™ or Sony’s Reader Digital Books. Required improvements to be done to

the technology are the obtaining of a transparent electronic paper, such that generates
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patterns that either block or allow the passage of UV light, and the reduction of the
resolution as current values, 0.1 to 5 um, are not amenable to obtain the wall smoothness
required for micro molds. Is important to note that current commercial UV sources are
able to provide a collimated beam of light of up to 12” by 12” area and uniformity of

+/- 6% [129].

After film has been exposed, post exposure bake (PEB) (if required) and developing are
conducted in a normal way. Finally, polymer molds are peeled from the PET film and get
carbonized in a traditional manner. The resultant manufacturing process for thick SU-8
films (200-400 um) is summarized in Table 7. Note how the process time is cut in more
than half when compared to that of Table 6. The use of different photoresists would
change the exposure, PEB and developing times but the elimination of soft bake and the
high percentage that carbonization holds in the process would not be significantly

changed.
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Table 7 Suggested fabrication process and time duration of each step

Step Time (in % of total
minutes)

Lamination continuous

Exposure 10 1.4
Post exposure Bake (PEB) 40 53
Developing & Substrate Release 40 5.3
Carbonization 660 88
TOTAL 750 (12.5 h)

Further work is necessary to fully characterize achievable geometries, repeatability and
dimensional tolerance ranges in the carbon molds when using the fabrication method
developed in Chapters 2 and 3. BMG molding and demolding are pending to be
characterized when using the improved carbon molds derived from free standing SU-8
parts. The molding of materials other than BMGs, for example the forming of glass micro

lenses, is also planned to be tackled.
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CHAPTER 5. Nanomolding

The addition of Next-Generation Lithography (NGL) techniques, such as electron beam
lithography (EBL), nanoimprint lithography (NIL) and focused-ion beam (FIB) will
further reduce the dimensions and greatly increase the intricacy of the resulting carbon
molds. The derivation of carbon molds with features in the nanoscale can be derived by
the patterning of the precursor polymer, the direct patterning of a glass-like carbon piece
or a combination of both. Moreover, nano-sized patterns could be fabricated in polymer
or carbon structures that had already been micropatterned. The next sections give an

overview on possible techniques that could be employed.

Electron Beam Lithography

Direct write electron-beam lithography (EBL) or simply e-beam is a high-resolution
patterning technique in which high-energy electrons (10-100 keV) are focused into a
narrow beam and are used to expose electron-sensitive resists. Patterning resolutions
down to 24 nm have been achieved with EBL and different resins [130, 131]. This
technique is not suitable for the direct patterning of a carbon piece. There are two basic
ways to scan an electron beam. In raster scanning, the patterns are written by an electron
beam that moves through a regular pattern. The beam scans sequentially over the entire
area and is blanked off where no exposure is required. On the contrary, in vector
scanning, the electron beam is directed only to the requested pattern features and hops

from features to features. Time is therefore saved in a vector scan system. The diffraction
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effects that often cause a slope on walls fabricated with photolithography are not an issue
in EBL because the quantum mechanical wavelengths of high-energy electrons are
exceedingly small. Because of its serial nature, the use of electron-beam lithography has

been limited to mask making and direct writing on wafers for specialized applications.

Nanomolds could be fabricated by patterning nanostructures on SU-8, PMMA or any
other suitable resist[131] for subsequent carbonization. Free standing molds could be
fabricated in the same manner they were derived above, namely fabricating a polymer

holding substrate and patterning a film on top of them. PET film is then released prior to

pyrolysis.

Focused lon Beam

As its name implies, in Focused Ion Beam lithography (FIB) the work-piece is exposed to
a focused and highly energetic ion bombardment in a vacuum. FIB lithography,
sometimes also known as FIB milling, consists of point-by-point exposures with a narrow
ion beam generated by a source of liquid metal (usually gallium) and is capable of
milling carbon among several other materials. The kinetic energy of the ions ranges from
a few keV up to several MeV. Beam diameters of less than 50 nm and current densities
up to 8 A/em’ are the norm. In addition to gallium, other pure element sources are
available including indium and gold. Compared to photons (x-rays and DUV light) or
electrons (EBL), ions chemically react with the substrate, allowing for a greater variety of
surface modifications such as patterned doping. The ion-beam spot size is the smallest

possible, smaller than UV, x-ray, or electron-beam spots. Resolution achieved with FIB
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can be as low as 3 nm [132] but normal values are around 8-10 nm [133, 134]. Ion
lithography achieves higher resolution than optical, x-ray, or electron beam techniques
because ions undergo almost no diffraction and scatter much less than electrons, since the
secondary electrons produced by an ion beam are of lower energy and have a short
diffusion range. The total spread including forward and backward scattering of the
“stiffer” ion-beams is typically less than 10 nm and they only require about 1 to 10% of
the electron dose to expose a resist. FIB shares the same drawbacks with an
electron-beam system in that it requires a serially-scanned beam and a high vacuum.
Because FIB systems operate in a similar fashion to a scanning electron microscope
(SEM) they can be used for imaging (when operated at low beam currents) or for site

specific sputtering or milling (when operated at high beam currents).

FIB milling has been employed recently for the patterning of bulk glass-like carbon. The
resultant structures are used for the molding of borosilicate glasses and quartz [16, 135,
136]. A comparison between FIB, laser and mechanical milling for the patterning of

carbon is given in [17, 18].

Nanodroplet Sputtering

An alternative to FIB milling is the use of electrospray in vacuum to generate a focused
beam of energetic nanodroplets for physical sputtering. This apparatus is currently being
developed by Prof. Manuel Gamero-Castafio [137, 138] here at UC Irvine. The author of
this thesis and Gamero-Castafio are currently evaluating the potential of such system for

the patterning of glass-like carbon. 5-7 mm” squares of glass-like carbon were derived
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from 1 cm? SU-8 and Kapton® squares. In the case of SU-8 derived carbon, samples were
fabricated following the PET approach detailed in Chapter 2. In the case of polyimide, a
commercially available Kapton® film was cut into the mentioned squares and then
carbonized together with SU-8 squares in a process similar to that explained above.
Glass-like carbon pieces featured a thickness >100 pm. It was qualitatively observed that
polyimide has both better carbon yield and shrinkage behavior (it shrinks less) than SU-8.

Such visualization suggested a higher carbon density in polyimide that in SU-8.

Electrospray refers to the atomization of liquids in the cone-jet mode which generates
narrow droplet distributions with average diameters as small as a few nanometers [137,
139]. Electrospray generation depends on the value of an extraction voltage that gets
applied between an emitter and an extracting electrode and causes the breakup of a jet
into nanodroplets. Such phenomenon can be accurately described by the theory of
capillary instability. In this system the fluid comes out from an approximated point
source (emitter) at a set flow rate and gets shaped into a Taylor cone [140] by the applied
voltage between the emitter and extractor electrodes. Nanodroplets are generated at the
apex of the Taylor cone. An electrospray generated under vacuum features a narrower
beam than those achieved by systems working under atmospheric pressure. Further
narrowing of the beam can be achieved by the use of a skimmer, or an orifice in the
extractor electrode, and optimization of the extraction voltage [137]. Preliminary results
on the milling of glass-like carbon using nanodroplet sputtering have been promising.
Holes of different depth and hundreds of micrometers in diameter were fabricated on

carbon by varying the extraction voltage of the drops and keeping their diameter constant.
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Characterization of the etch rate and surface polishing depending on the working
parameters is pending to be done. Current etch rates compare to the 1.2 um/min obtained

with ICP/RIE (Chapter 3).

The possible use of nanodroplet sputtering over FIB would derive in lower process cost
since no liquid metal sources are necessary. The replacement of liquid metals by more
environmentally friendly liquids is also an advantage. Nevertheless, it has been shown
before that carbon molds obtained with FIB milling get affected by gallium ion
implantation that might require the use of high temperature treatments (1400 °C) to
eliminate [16]. Nanodroplet sputtering does not generate any implanted ions. However,

the capabilities of nanodroplet sputtering still have to be proven.

Nano Imprint Lithography

Nano Imprint lithography (NIL) [141-143] patterns a substrate material by deforming its
shape through embossing (with a mold/stamp/template), rather than by altering the
material’s chemical, through radiation, or physical structure through sputtering.
Embossing must be done preferably above the glass transition temperature of the
substrate material. NIL has been extensively demonstrated in resists and other polymers
and has been recently achieved in BMGs [125]. In NIL, a template (the
mold/stamp/template) is made of a hard material (usually Ni or Si) and is pressed against
a layer of a suitable material. Logically, the mold/stamp/template must maintain its
structural integrity at temperatures and pressures well above the imprinting conditions.

The method relies on the excellent replication fidelity obtained with polymers and
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materials featuring a glassy state and combines thermo-plastic molding with common
pattern transfer methods. Once a solid mold/stamp with a nano-relief on its surface is
fabricated it can be used for the replication of many identical surface patterns. Since the
resolution of the NIL process is a direct function of the resolution of the original
template/stamp fabrication process it does not technically fall into the definition of a
NGL. However, is an efficient process for the mass production of nano-featured parts, an
accomplishment none of the other NGL techniques has been able to achieve. Electron
beam writers that provide high resolution, but lack the throughput required for mass
production, are usually employed for the fabrication of the mold/stamps. Other
techniques, such as FIB and maybe eventually nanodroplet sputtering, could also be used
for the fabrication of the molds. The success of NIL proves the fact that
molding/embossing are some of the best ways to achieve mass production of a part

regardless of its dimensions.

As expected, the derivation of carbon nanomolds with NIL is most likely achieved by
patterning an organic polymer and carbonizing. The author believes glass-like carbon
would be better exploited in NIL as a mold/stamp material given its outstanding thermal,
mechanical and chemical properties. Namely, the very high melting temperature and
material hardness make glass-like carbon a candidate comparable, or maybe better, to Ni
or Si. Carbon nanomolds obtained with any of the techniques above could be used to
further produce carbon nanomolds in mass by imprinting polymers and carbonize them
after. The fact that the resultant carbon structure is smaller than the polymer precursor

can be exploited to obtain an ever-smaller carbon mold as the number of molding cycles
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increases. For instance, a carbon mold can be fabricated either by patterning a polymer
with e-beam (30 nm resolution) or by patterning a carbon piece by FIB (10 nm). In the
case of e-beam, the polymer precursor is pyrolyzed to obtain a carbon mold that is
smaller than the polymer one. The resultant carbon mold from the e-beam or FIB process
can then be used to pattern a polymer with NIL with features of 10-20 nm. That patterned
polymer is then carbonized to obtain carbon molds with reduced dimensions and so on.
Pattern dimensions smaller than those currently achieved by FIB or e-beam could be
obtained. Theoretically, the process could be carried until the physical limit of available
carbon molecules and rings is reached. This approach has been successfully demonstrated

in the micron range by [144].
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CHAPTER 6. Conclusions

A novel method to derive free standing glass-like carbon molds has been obtained in this
work. The use of such molds has been demonstrated with the forming of amorphous
metal in different shapes and dimensions, including high aspect ratio features. Carbon
molds were derived through the pyrolysis of patterned SU-8 parts that were fabricated
using an improved photolithography process. Such enhancements to the traditional
photolithography process allowed for the derivation of carbon molds featuring smooth
walls with positive slopes. Resultant carbon molds comply with the mechanical and
thermal integrity of a permanent mold and yet are fabricated at a cost that enables their
potential use as sacrificial molds. For this purpose, carbon etching with oxygen plasma
was also demonstrated. Pending work includes the characterization of the process in

terms of achievable geometries and dimensions, shrinkage behavior and reproducibility.

The developed process has the potential to become an alternative to LIGA for the
derivation of permanent molds featuring high-aspect-ratios. The main difference is that
the derivation of carbon micro molds does not employ electroplating, but only
photolithography and carbonization, which reduces the cost of the process. Furthermore,
the capability of BMG forming with the fabricated carbon molds enables the use of micro

molded BMG parts for different applications.
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In order to promote the mass production of carbon micro molds, a manufacturing line
was also suggested. This fabrication approach allowed for a theoretical time reduction of

more than half when compared to the current process and is amenable for automation.

Different techniques were explored and considered as potential candidates for the
fabrication of nanomolds or for the fabrication of intricate features on existent micro
molds. These techniques included EBL, FIB, Nanodroplet sputtering and NIL. Of most
interest is the concept of continuous reduction of the critical dimension by exploiting the
isometric shrinkage present during the pyrolysis of organic polymers. In this way,
structures with the minimal dimension currently achieved by EBL or FIB could be
patterned in polymer and get carbonized thereafter. The resultant carbon structure
features a smaller critical dimension than its polymer precursor and possesses mechanical
properties that allow its use as a mold/stamp in NIL. This fact is exploited for the
stamping of a polymer, and its respective carbon structure after pyrolysis, and for the

obtainment of an ever-smaller critical dimension as the number of cycles increases.
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