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Abstract

This thesis investigates micro-contact printing (LCP) engines using micro-electro-mechanical
systems (MEMS). Such engines are self-contained and do not require further optical
alignment and precision manipulation equipment. Hence they provide a low-cost and
accessible method of multilevel surface patterning with sub-micron resolution. Applications
include the field of biotechnology where the placement of biological ligands at well
controlled locations on substrates is often required for biological assays, cell studies and

manipulation, or for the fabrication of biosensors.

A miniaturised silicon nCP engine is designed and fabricated using a wafer-scale MEMS
fabrication process and single level and bi-level pCP are successfully demonstrated. The
performance of the engine is fully characterised and two actuation modes, mechanical and
electrostatic, are investigated. In addition, a novel method of integrating the stamp material

into the MEMS process flow by spray coating is reported.

A second uCP engine formed by wafer-scale replica moulding of a polymer is developed to
further drive down cost and complexity. This system carries six complementary patterns and
allows six-level pnCP with a layer-to-layer accuracy of 10 pm over a 5 mm x 5 mm area
without the use of external aligning equipment. This is the first such report of aligned

multilevel pCP.

Lastly, the integration of the replica moulded engine with a hydraulic drive for controlled
actuation is investigated. This approach is promising and proof of concept has been provided

for single-level patterning.
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Chapter 1 Introduction

1 Introduction

Miniaturisation is central to advances in modern science and technology as products of
micro- and nanotechnology typically provide lower power consumption, higher efficiency,
improved speed, and lower cost relative to conventional macroscopic systems. In addition, as
sizes scale down, surface-to-volume ratio increases and different physicochemical
mechanisms come into play thus allowing the development of new devices and the

observation of interesting physical phenomena.

Top-down micro- and nanofabrication methods, which shape structures from bulk material
into smaller structures, have been developed by the microelectronics industry to fabricate
integrated circuits. The batch fabrication process revolves around optical lithography and
associated techniques, and has been adapted to silicon micromachining to realise micro-
electro-mechanical systems (MEMS). MEMS devices have had commercial success as
automotive sensors (accelerometers, pressure sensors), actuators for digital light processing
(micro-mirrors), ink-jet printer heads, and more recently in consumer electronics (mobile

phones, game consoles).

MEMS technology can also be used in the area of biochemical and biomedical technology.
Such devices are termed bio-MEMS and applications include targeted drug delivery, in vivo
and in vitro diagnostics, implants, drug discovery, gene expression profiling, and many
others. With the healthcare systems already being stretched in many countries, there is a shift
towards decentralisation and MEMS can provide miniaturised lab-on-chips (LOC), also
termed micro-total-analysis systems (WTAS), that enable point of care testing of patients. In

the area of biological implants, opto-electromechanical parts that restore some functionality
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to damaged organs (e.g. retinal implants that restore some vision to the blind) or micro-
devices that can navigate through the body and deliver drugs at specific locations are all
conceivable for the near future. Another important and perhaps more realistic application of
bio-MEMS lies in the formation of structures that enable fundamental studies of cells and
other biological entities. MEMS are especially important here as their sizes are comparable to

these biological bodies, e.g. cells measure from 1pm — 100pm.

In the above biomedical and biochemical applications, there is usually a need to locally
sensitize substrates or surfaces so that they exhibit specific biochemical properties. The main
patterning process available in MEMS is photolithography but this remains an obstacle as it
provides limited control over surface properties and is often incompatible with biochemical
components. Moreover, in research in life sciences where MEMS structures are used to study

biological/biochemical components, such tools are too expensive and inaccessible.

A simple but powerful technique, termed micro-contact printing (WCP), was pioneered by the
Whitesides group in 1993 and aimed to address this issue. pCP enabled rapid and cheap
nanofabrication without the need for a cleanroom environment, whilst adding control of the

surface properties.

This dissertation will concern the general area of bio-MEMS and will focus on pCP as a
means of functionalising structures. This research culminates in MEMS uCP engines that
enable multilevel patterning of biochemical compounds, without requiring conventional
cleanroom equipment, thus making the process accessible to non-silicon end users. Over the

next sections, the field of pCP is introduced, the achievements and limitations are presented,
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and applications are discussed. Research objectives are then formulated and the suitability of

MEMS in meeting them is highlighted.
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1.1 Micro-contact printing (uCP)

pCP is essentially a miniaturised form of flexography where a flexible stamp carrying relief
features is coated with an ink and brought into contact with a substrate. It was first introduced
by Kumar and Whitesides in 1993 [1.1] who used a poly(dimethyl)siloxane (PDMS) polymer
as stamp, an alkanethiol as ink, and a gold coated substrate . The ink forms a self-assembled
monolayer (SAM) on the contacted regions as illustrated in Figure 1-1. Feature sizes ranging
from 100 nm to a few cm can routinely be patterned. Since the initial discovery, tremendous

advances have been made to the stamp, ink and substrate.

PDMS stamp

S, IS LSSy e
4

& 4 &
LSS Wil ds

Alkanethiol ink
Au surface

Substrate

Substrate

Figure 1-1 pCP of an alkanethiol ink on Au. A PDMS stamp is inked and brought into contact with an Au coated

substrate. SAMs are formed in the contacted region.

1.1.1 PDMS Stamp
The starting point in pCP is the stamp which is made from elastomeric PDMS. Generally, a

2-part heat curable mixture, which consists of a (viscous) liquid base and a curing agent, is
used. On heating the polymer crosslinks and solidifies. Thus, this material is particularly

suitable for processes like spin coating or replica moulding against a silicon (or other
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material) master fabricated by conventional microfabrication techniques. The most popular

commercial form of PDMS reported in literature is Sylgard 184 from Dow Corning [1.2].

Several properties of PDMS are instrumental to the formation of high quality patterns.

Firstly, because of its elastomeric nature, it conforms to the surface over a relatively large
area. With its 2-part thermal curing formulation, it can easily be cast or moulded against
microfabricated masters. It is homogeneous, isotropic and optically transparent to about 300
nm, provides a surface which has a low interfacial free energy and is chemically inert. It can
thus be easily released from fragile microfabricated structures [1.3]. Also with some
modification, it can be made UV photocurable as in [1.4]. It is also porous and has a tendency
to adsorb certain molecules [1.5] which is advantageous in uCP [1.1, 6]. Furthermore, its
surface properties can be tailored by exposing it to oxygen plasma (see e.g. [1.7-9]). The
plasma treatment can similarly be used to irreversibly bind PDMS surfaces to glass or to each

other [1.10-13] and hence enables the construction of complex 3D geometries.

The softness and flexibility of PDMS (Young’s modulus, E =~ 1-2MPa), while allowing
conformal contact over large areas, is also a limitation as the features on the stamp tend to get
distorted. For Sylgard 184, Delamarche et al.[1.14] found that the height to width ratio of the
relief structures on the stamp had to be within 0.2 to 2 to generate defect free patterns.
Structures above that range tend to collapse under their own weight or to pair up (Figure 1-2)
while those below that range are unable to resist the pressure during printing and lead to

sagging [1.3] (see Figure 1-2).
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PDMS PDMS
I B —
v substrate
a) b)

Figure 1-2 Distortion in PDMS stamps, a) pairing of slender features, b) sagging of the stamp with sparse features.

To solve the problems associated to the soft material, a number of solutions have been
proposed. A tougher version of PDMS, with a compression modulus ~5 times that of Sylgard,
was synthesised in [1.15]. This was mechanically stable and could support relief features of
height to width ratios ranging from 0.02 to 5. However, such stamps lacked the ability to

conform to uneven surfaces.

To meet the diverging demands of pattern stability and conformal contact, composite stamps
[1.15, 16] involving a cushion of soft PDMS (such as Sylgard 184) and a layer of harder
PDMS were developed, enabling the generation of = 50 nm features. Other solutions have

been proposed and these are discussed in greater detail in Section 1.4.

1.1.2 Ink and Substrates: SAM of alkanethiols on gold

The other components required for uCP is an ink and a suitable substrate. This is
significantly different from conventional macroscopic stamping since only a single molecular

layer is transferred and this monolayer self-assembles to form a densely packed overlayer.

Self-assembly is the spontaneous organisation of molecules or objects into stable states. The
final self-assembled structure is close to or at thermodynamic equilibrium and therefore tends

to form spontaneously and reject defects. Self-assembly is ubiquitous in nature and processes
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such as the folding of proteins or formation of DNA illustrate its purpose [1.3]. SAMs are the
most widely studied and best developed examples of nonbiological, self-assembled systems.
They form spontaneously by chemisorption' and self-organisation of functionalised, long-
chain organic molecules onto the surfaces of appropriate substrates. SAMs are usually
prepared by exposing the substrate to the vapour or by immersion in solution of the reactive

species.

The best characterised systems of SAMs are alkanethiols on gold [1.17-23]. Alkanethiols
have the general formula CH3(CH,;),SH and it is generally accepted that the sulphur atoms
form a (N3xV3)R30° overlayer on Au(111). The sulphur tail of the molecule is bound to the
Au substrate, the alkyl (CH»), chain is oriented at ~30° to the normal, and the head group, X,
points outwards and dictates the surface properties of the monolayer (see Figure 1-3). The
structure is 2-3 nm tall when n = 15. In the case of an alkanethiol, X = CHj3, a methyl group,
but thiols with other head groups, e.g. X = COOH, can also be used. The reaction is of the

form X(CH,),SH + Au’ — X(CH,),S Au'+ 1/2H,.

~30°
Headgroup

a4
Alkyl chain

(CH2)n ™

2-3 nm
Sulphur
tail

Au(l11

Figure 1-3 Representation of alkanethiol SAM on Au (111)

! Chemisorption is a type of adsorption whereby a molecule adheres to a surface through the formation of a
chemical bond, as opposed to the Van der Waals forces which cause physisorption
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A key feature of pCP is that forming SAMs using that route takes a few seconds, but forming
them from solution takes minutes to hours. For a highly ordered quasi-crystalline organic
monolayer, the length of the alkyl chain needs to be long enough, that is, n > 11. Commonly
used alkanethiols that meet this condition are hexadecanethiol (HDT) with n = 15,
octadecanethiol (OCT) n = 17, and eicosanethiol (ECT) n = 19. From [1.24, 25], it is known
that the lighter HDT is more diffusive but protects better than ECT when the SAM is used as

a mask in cyanide-based etch solutions. OCT is shown to be a good compromise.

Substrates other than Au can also be patterned as long as an appropriate ink that can form a
sufficiently ordered monolayer and withstand subsequent processing is available.
Alkanethiols can be used to pattern Ag[1.26], Cu[1.27], and Pd[1.28]. Alkanephosphonic
acids have been used to form monolayers on Al[1.29] and indium tin oxide [1.30], and
methods have been developed for patterning Si directly by the formation of siloxane SAMs
on Si-OH surfaces [1.31] or alkoxyl SAMs on Si-Cl surfaces [1.32]. Siloxane SAMs have
been used to pattern metal oxides such as Al,O3 and TiO, [1.33]. Reviews of ink/substrate
combinations can be found in [1.34, 35]. There is now some interest in inks that are less

specific to particular substrates [1.36].

1.2 pnCP in microfabrication

pCP was initially intended as an alternative to photolithography in patterning sub-micrometer
features [1.3]. In photolithography, the resolution is in practice approximately equal to the
wavelength (L) whilst, in pCP, the minimum feature size is ultimately limited by van der

Waals contact, which is a sub-angstrom phenomenon [1.37]. In addition, pCP is compatible
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with non planar surfaces and provides control over the chemistry of the patterned surfaces. In

this section, pCP as a method of generating structures is examined.

1.2.1 Patterning of silicon by pCP of etch masks
Soon after the first demonstration of pCP [1.1], the metal layer patterned by pCP was

transferred to the underlying Si substrate by wet etching [1.6, 38] and reactive ion etching
(RIE) [1.39]. First, the metal layer is patterned by etching in a cyanide-based solution which
attacks the exposed metal but not the SAM covered region. A detailed protocol is provided in
Appendix A. The patterned metal is then used as a mask to pattern the underlying substrate.
Either Au or Ag could be used as the metal masking layer with a KOH etchant for the wet
process. With RIE, a Au/Ni masking layer was used and resolutions of 0.3um have been
achieved although the edge quality was poor. This two-step patterning is illustrated in Figure
1-4. Finnie et al. later demonstrated pCP of docosyltrichlorosilane on silicon and directly

used the SAM as a mask for wet etching of Si(100) [1.40].

Metal
mask

Si Substrate

Si Substrate

Si Substrate

Figure 1-4 Si patterning by nCP of a metal masking layer. The metal layer is first contact printed and the

unprotected area is etched off. The remaining metal is then used as a mask for KOH etching or RIE of the underlying

Si.
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1.2.2 Micro and nano-structuring by selective deposition on contact

printed templates

uCP has also been used to pattern templates for additive structuring. One approach is to use
the patterned monolayer as an inhibitor that prevents nucleation during chemical vapour
deposition (CVD) [1.41] of Cu at 150 °C to 200 °C or atomic layer deposition [1.42].
Alternatively, the patterned monolayer can be used as a receptor; in [1.43], pnCP with Pd(II)
on a TiOy layer is carried out and the Pd(II) catalyst is used for electroless deposition of
copper. This is illustrated in Figure 1-5a, which describes the patterning by pCP followed by

deposition, and Figure 1-5b, which shows an SEM of the deposited metal.

Figure 1-5 a) pCP to pattern templates for electroless deposition. After placement of the monolayer, the substrate is

immersed in a copper containing solution. b) SEM of the deposited copper (from [1.43]).

Others have contact printed substrates with hydrophobic SAM and filled the empty area with
hydrophilic SAM from solution. These substrates with well defined regions can then be used
to guide the deposition of a magnetite suspension as in [1.44], and to control crystallisation
[1.38], wetting [1.45], or condensation [1.46]. This approach is illustrated in Figure 1-6,
highlighting the nCP, backfilling and selective deposition steps. Using this approach pCP can
be used to pattern precursor layers for the growth of aligned carbon nanotubes, e.g. [1.47,

48].
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Hydrophobic SAM Hydrophilic SAM Deposit
2N P

Figure 1-6 Templates with two SAMs for controlled deposition. First, a hydrophobic SAM is patterned by nCP (left).
The unfilled area is covered with a hydrophilic SAM (middle) and finally, the targeted material is deposited (right)

adsorbs onto the hydrophilic regions only.

1.2.3 pCP of non-planar substrates

Patterning of non-planar substrates is one of the strengths of uCP as it involves conformal
contact of a soft compliant stamp. Photolithography, on the other hand, is limited by depth of
focus and requires a constant separation across the entire area. In MEMS especially,
patterning inside etched microstructures or slanted edges would be useful as demonstrated in
[1.49]. Other 3D structures such as micro-coils [1.50] and free-standing micro-springs [1.51]
have been made by uCP on an Au coated glass capillary. This was carried out by rolling the
capillary on an inked PDMS stamp carrying parallel bar patterns. The capillary was etched to
remove unprotected Au and then electroplated. The resulting devices are shown in Figure

1-7a and b.

Figure 1-7 a) Micro-coil on glass capillary formed by pCP. b) Free-standing micro-spring. After electroplating, the

cylindrical glass substrate is etched away to release the springs.
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The ability to pattern micro-structured substrates also enables the fabrication of interesting
devices. In [1.41], silicon posts are contact printed with a flat stamp (as shown in Figure
1-8a) and the deposited layer acts as a passivator in a subsequent CVD step. The vapour
deposited Cu is thus only deposited on the sidewall and at the bottom of the channel as
illustrated in Figure 1-8b. Alternatively, in [1.52], Si posts are coated with a precursor
catalyst material that directs the growth of single walled nanotubes (SWNT) towards adjacent
posts. This results in suspended SWNT held by Si posts that lie in a plane parallel to the
substrate. Figure 1-8c shows the four patterned Si posts with suspended nanowires between

them.

Inked PDMS stamp

Suspended
y SWNT —

Substrate

¢)
Figure 1-8 a) pCP on micro-structured Si. b) CVD resulting in Cu deposition on SAM-free region (trough and

sidewalls)[1.41]. ¢) Catayltic growth resulting in suspended NT between Si posts [1.52].

1.2.4 Large area pCP for electronics

uCP was initially viewed as a potential replacement for conventional lithography and some,
such as the IBM Zurich group [1.53], have made significant contributions to making uCP a
truly high resolution commercial patterning method. Some of the proposed tools include

modified bond aligners and rotary presses that allow uCP of 100 mm x 100 mm substrates.

The former is hampered by an uncontrolled contact front and trapped air pockets, whilst the
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latter exhibits higher pattern distortion due to the curvature. Burgin et al. [1.54] revisit the
platen press approach and introduce an inflatable bladder that initiates contact whilst the
printing is carried out in an evacuated chamber to solve the problem of trapped air pockets.
Such approaches yield accuracies of > 12ppm [1.53], which is far from the challenging 1ppm

accuracy required for microelectronics.

The focus of uCP has since shifted to defining circuit metallisation for flexible electronics
(including organic) [1.55]. uCP is particularly suitable since it offers micrometer resolutions,
large area patterning, resilience to defects, and compatibility to various materials as well as
flexible substrates. The main challenge for commercializing uCP for large area electronics
involves achieving reliable registration and control of the stamping process. A number of
groups have already reached impressive milestones e.g. IBM [1.56], Philips [1.57, 58], or
Lucent [1.59-61]. The tooling and stamps used in these cases is examined thoroughly in
Section 1.4. A schematic depicting uCP on a flexible substrate is illustrated in Figure 1-9a

and the completed electronic display formed from this method is shown in Figure 1-9b.

2. Ink stamp, perform registration . .
Plastic sheet :

——
“

4. Allow complete contact for ~10s, peel away

}
‘K b)
a)

Figure 1-9 a) nCP on a thin plastic substrate. b) Completed circuit showing an array of TFT formed by nCP [1.60]
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1.3 nCP in biology and biochemistry

Microbiological systems, with feature sizes > 50 um, are well matched to the patterning
possibilities offered by microfabrication [1.62-64]. downscaling down of sizes lead to
improved heat and mass transfer, faster reactions, better resolutions, and smaller volumes of
reagents. In addition, surface properties become increasingly important in determining the
performance, especially for biological systems. SAMs have become indispensable for
modelling and controlling biologically relevant surfaces, whilst puCP is suited to patterning
with micrometer accuracy over large areas. In this section, some key applications and
examples of biomolecular patterning with pCP are presented. Many other publications

covering this interesting area are covered in the following reviews [1.63-66].

1.3.1 Patterning proteins and cells

Generating patterns of proteins and cells is important for biosensor technologies [1.67], tissue
engineering, and fundamental studies of cell biology [1.66]. Protein microarrays allow
analysis and screening of a large number of biomolecules [1.68, 69]. For these applications,
controlled placement of biological ligands at well defined locations is required. Patterning
methods include inkjet printing and uCP amongst others. Inkjet printing is a serial process
and provides resolutions of =~ 100 um at best [1.70, 71]. uCP, on the other hand, is a parallel
process allowing resolutions of = 1 um that enable, e.g., the study of single cells as opposed

to populations of cells.

uCP of SAMs of alkanethiolates on Au or Ag provides model substrates for cell adhesion
studies [1.72]. A typical method of generating such substrates is described next. uCP is first
used to pattern a —CHj; terminated monolayer. The underivatized substrate area is then

covered with a different thiol terminated in ethylene glycol (EG), e.g.
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HS(CH,;);1(OCH,CH;),OH(EG),, with n = 2-7, by immersion in solution. The EG terminated
regions prevent adhesion of proteins whilst the —CHj3 areas act as adhesive island. After
monolayer patterning, fibronectin (FN) is incubated on the hydrophobic regions and the FN
provides the extra cellular matrix (ECM) that supports the growth of bovine endothelial cells.
The process is illustrated in Figure 1-10a. Figure 1-10b shows a population of bovine
endothelial cells growing on patterned substrate. Such a method of directing cell adhesion
and growth has been used to investigate cell motility [1.73]. Here, single fibroblast cells are
grown on 900 pm* ECM scaffolds of different shapes and aspect ratios (see Figure 1-10c),
and these experiments reveal that cells preferentially grow lamellipodia from their corners.
In [1.74], patterned ECM were used to investigate the orientation and division axis of cells.
Using the same scaffolding approach but with different SAMs, Yeo et al. [1.75] designed
dynamic substrates that could sequentially release and attach cells in response to an applied
electric potential. The SAM in this case contained an electroactive moiety, o-silyl

hydroquinone, that releases attached cells when a voltage is applied.

uCP of -CH; SAM

——e

Immersion -EG;0H SAM

TR

Protein
ECM

a) c)
Figure 1-10 a) Scheme for localised cell binding via pCP of substrate. b) Bovine endothelial cells bound on -CHj

features only. Fine lines are 10 pm wide [1.72]. ¢) Fluorescent images of fibroblast cells on ECM scaffolds of different

shapes but same area (900 pm?). Cells preferentially extend lamellipodia from corners [1.73].

37



Chapter 1 Introduction

In the method above, a SAM is first patterned and acts as a template for subsequent growth of
cells. Direct patterning of proteins, where the protein solution itself is an ink, can also be
achieved [1.76]. Poly(lysine) ink has been patterned on glass with millimetre resolutions. The
PDMS stamp first had to be oxidised to adsorb the protein solution. Resolution was driven
down to 1 pm [1.77]. Here, it was found that a solution of immunoglobulin (IgG) readily
adsorbed to modified hydrophobic PDMS, and the IgG fully transferred onto glass,
polysterene, or hydrophobic silicon. Features sizes of 100 nm have been obtained with
conventional PDMS stamps by “subtractive” printing [1.53]. In this approach, a structured
PDMS stamp is contacted to a flat substrate, which is homogeneously covered with a protein,
and removed. The protein from the contacted areas is lifted off and remains on the relief
features of the structured stamp, leading to a patterned substrate. These lifted molecules can

be further used by printing onto another substrate.

Protein patterning is more useful in the form of arrays for screening multiple molecules in an
analyte. In [1.78], printing of arrays of different proteins is achieved by using a microfluidic
network to deliver inks to different areas of a flat stamp. The stamp is then brought into
contact with the substrate and a single print produces a multi-ink pattern. This approach
works for slow-diffusing protein solutions, unlike thiols or metallic ions, since they remain
accurately positioned on the PDMS stamp. This is illustrated in Figure 1-11a. A similar
approach where a silicon micro-fluidic chip with ink reservoirs and ink “wells” is used to
deliver to a mating stamp is demonstrated in [1.79]. This approach is shown to pattern 36
spots of 100 pm diameter and is illustrated in Figure 1-11b. This method can be scaled to

accommodate more inks and dots.
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Figure 1-11 a) Micro-fluidic networks to ink a flat PDMS stamp for pnCP. b) Microfabricated silicon inking chip for

parallel inking.

1.3.2 nCP for in vitro studies of neurons

There is also significant interest in in vitro studies of neurons [1.80, 81] where SAMs are

used to place neurons over the electrodes for reliab

le recording. The surface functionalization

is carried out using pCP as above but with alignment to the readout electrodes. Currently,

alignment is carried out using customized systems that combine 3-axis alignment stages with

an optical microscope [1.82, 83] and localized binding to the electrodes can be achieved. A

similar tool with load adjustment is presented in [1

.84]. However, such setups are slow and

cumbersome especially for multilevel printing. Also, alignment is only possible with

transparent substrates. The alignment stage is illustrated in Figure 1-12a and an illustration of

localised neuron binding on a patterned micro electrode array is shown in Figure 1-12b,

where the dark features are the metallic electrodes.
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Figure 1-12 a) Alignment stage from [1.82]. b) Localised growth of hippocampal neurons on electrodes[1.83].
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1.4 Limitations of nCP

Since the initial demonstration, pnCP has remained conceptually the same although a wider
range of inks and substrates can now be accommodated. Some additional variations to the
original techniques, such as printing under water, are reviewed in [1.85]. The focus has also
shifted from high resolution patterning for microfabrication to surface engineering templates
for biochemical applications. A major hurdle, however, remains the mechanical stability of
the soft elastomeric stamp, which makes registration and alignment difficult. The problem is
compounded by the fact that the end-users are biochemists and biologists who have limited
access to the expensive equipment available to the microfabrication community. In this
section, the sources of deformation in PDMS and the problem of registration are examined.

Techniques used by other groups to solve these problems are also presented.

1.4.1 Distortion of the stamp due to shrinkage on curing

PDMS stamps are typically thermally cured against silicon master. Severe distortions occur
because PDMS and Si have significantly different coefficients of thermal expansion (Cppys =
3.1x10*K! for PDMS and Cg;=2.6x10°K™! for Si, in a 1-dimensional case), and hence,
during the casting step, the Si master expands much less than the polymer. Since the Si is
much stiffer than PDMS, the polymer retains the dimensions of the Si and is effectively
strained by € = Cppys(Tcurivg —Troom) [1.86]. As soon as it is released, the stamp contracts
by about 1.5% to a relaxed state (for a curing temperature of =100 °C). Whilst, lower
temperature curing can used to minimize this, curing times then become prohibitively long,
for example, with Sylgard 184, curing time at 25 °C is of the order of days [1.2].
Alternatively, the mask can be offset to compensate for the eventual contraction but this is
restrictive as only a specific curing temperature and PDMS thickness are catered for. A

solution would be to bond the PDMS device to a stiff support such as glass prior to releasing
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from the master. Demoulding then becomes problematic as the separation forces required
may cause the substrate to break, especially if large areas are concerned. The use of a
flexible but stiff backing layer such as an overhead transparency is shown to be a good

solution [1.87].

1.4.2 Conformal contact and long range pattern accuracy.

With a Young’s modulus of 1-2 MPa, PDMS stamps are almost always combined with a
stiffer backing layer to facilitate handling and registration. As mentioned earlier, rigid layers
are hard to separate, but in addition, as described in [1.88], the pressure (o) required to bring
two surfaces in contact is proportional to sum of the bulk modulus of the two layers and is
given by ¢ = E A/, where 1 is wavelength of sinusoidal roughness, A is the amplitude, and
E" is the bulk modulus and is given by E* = E\/(1-v;>)+ E»/(1-v,%), where E is the Young’s
modulus and v is the Poisson ratio, with the subscripts denoting the respective surfaces.
Hence, with rigid surfaces, large controlled pressures may be required, which may cause the
fine relief features to collapse. Moreover, whilst the combination of rigid layers with thin
PDMS guarantees long range order and reduces thermal shrinkage [1.15, 89, 90],
conformability to the substrate will be poor as the PDMS has less “margin” to adapt to the

surface.

A solution in the form of tri-layer stamps is presented in [1.15]. These consist of a rigid
backing like glass, a soft cushioning layer of Sylgard 184, and a hard layer of a stiffer (by a
factor of 5-10) PDMS formulation (denoted h-PDMS) that carries the pattern (see Figure
1-13a). The soft PDMS allows the stamp to bend and conform to some extent, whilst the hard
layer is able to carry and replicate fine 50 nm features [1.16]. This approach combines both

the lateral stiffness required for stamp stability whilst preserving the ability to bend out of
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plane and conform to the substrate. An improved version involves a thin bendable glass back
plane (100 pm) with 75 pm thick Sylgard 184 or 30 um h-PDMS stamp layer (see Figure

1-13b). Here, separation can be achieved more easily by peeling off.

~ Hard Backplane
Soft Cushion

¢ Stiff Pattern i

Figure 1-13 a) Trilayer stamp from [1.16]. b) Stamp with flexible glass backing [1.16].

1.4.3 Tools and techniques for large area alignment and printing

To increase the yield and repeatability of pCP, a number of groups have devised contact
aligner type tools to provide improved mechanical control. In [1.54], a stamp aligner with
alignment optics that carefully brings a glass backed stamp on contact with a substrate is
demonstrated. For 3 inch substrates, a runout (feature to feature misalignment between the
template and the stamp pattern) of 1 um was obtained under optimum conditions and

minimum feature size demonstrated was 500 nm.

In [1.56], IBM presents a different approach. Instead of a rigid back plane, a thin Invar sheet
is used to provide the lateral stiffness whilst maintaining flexibility. Figure 1-14a shows the
arrangement with the stamp initially held in a bent position just above the substrate by two
motorised stages which are then carefully moved to unbend the stamp and make contact.
Substrates of up to 15 square inches could be patterned with maximum distortions of ~3um

and average distortions of ~1pum.
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Another ingenuous method has been developed by Philips and is briefly introduced in [1.57,
58]. It consists of a ~800 um thick PDMS stamp mounted on a flexible 100 um glass support.
The latter provides in plane stability/rigidity whilst preserving the out of plane bendability.
The PDMS-glass layer is held by vacuum to an array of grooves and each groove could be
independently switched between vacuum and a mild pressure of 2 kPa, which would cause
the stamp to deflect downwards by up to 150 um. The stamp-air actuator array assembly
would be brought in close proximity, 100 £10 pum, to the substrate using a precision stage
with alignment optics. The assembly is illustrated in Figure 1-14b. By serially switching on
and off adjacent groups of grooves, localised regions are deflected and hence printed, and
these local deflections are observed to travel like a wave across the entire stamp. 150 mm
%150 mm substrates have been patterned in this way with average distortions of 0.7 pm.
Large open areas, usually prone to sagging, are successfully patterned due to the low contact

pressure.
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Figure 1-14 a) Flexible stamp by IBM [1.56]. In the image, the stamp (highlighted by a red line) is in a bent position
and is not touching the stamp. b) Philips Wavemaker [1.57]. Valves sequentially switched on to cause contact of the

stamp to substrate.
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A commercial solution, the u-CP 2.1 [1.91], has also recently been proposed by Gesim
(Grosserkmannsdorf, Germany) and targets the biochemistry community . The latter
combines a motorised x-y stage, alignment optics, and a PDMS stamp in the form of a
diaphragm. This is illustrated in Figure 1-15. Contact is achieved by a combination of
motorised vertical displacement and pneumatic actuation. The former brings the stamp holder
close to the substrate while the latter ensures controlled contact to the substrate. The printable
area is 10 mm X 10 mm, and stamps are injection moulded with a special mould that contains
features that lock into the stamp holder tool. Positioning accuracy of Sum is achievable with

transparent substrates.

Compressed
air

diaphragm
stamp

Figure 1-15 GeSiM p-CP 2.1. PDMS diaphragm is attached to a stamp holder connected to an x-y stage. A linear z

actuator brings the stamp close to the substrate. Pressure is applied to achieve contact with the substrate.

1.4.4 Mechanical stability of the relief features

The low modulus of PDMS also imposes certain restrictions on the feature resolution as well
as aspect ratio. In terms of resolution, the commonly used Sylgard 184 formulation can only

replicate features down to 500 nm in the best cases. A ten-fold improvement in resolution can
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be obtained by using stiffer PDMS [1.15, 16], but there are still constraints in terms of aspect

ratios.

223108
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Figure 1-16 Generic PDMS stamp indicating relief feature dimensions. ¢ denotes the applied pressure.

In [1.92], Delamarche ef al. conducted a limited experimental study of pCP with stamps
having the same material properties, and feature width, w, but varying height, 4. The stamp
feature dimensions are illustrated in Figure 1-16. Too large #/w would lead to the post
buckling/ falling under its own weight, and too low 4#/w would usually lead to the recessed
regions sagging and making unwanted contact. This led to the design guideline of keeping
h/w between 0.2 and 2 [1.3]. Also, too dense patterns (large w/L) combined with large 4/w are

prone to pairing up.

The issue of stamp deformation remained under scrutiny and in 2002, [1.93] Hui ef al.
provided a thorough theoretical framework for the dimensional stability of stamps in soft
lithography. Their work was based on structures consisting of periodic bars of height /4, width
w, and separation between bars L. For pCP, the three main failure modes are: (i) buckling,
which occurs when the bars are slender, i.e., #2>~>w, (ii) lateral collapse, which occurs when
closely spaced slender bars stick together due to the high surface energy of PDMS relative to
its stiffness, and (iii) roof collapse, ~<<w, w<<L, which occurs when recessed regions come

into contact with the substrate.
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The first two failure modes, i.e. buckling and lateral collapse, are relatively easily avoided by
choosing bars of suitable aspect ratios. Roof collapse, however, remains the most limiting
failure mode [1.94]. For some skewed geometries where the bar height, 4, is small, even
without any loading, or even self weight, the roof regions may still contact the substrate due

to the adhesion energy of the PDMS/substrate interface [1.95, 96].

For stamps with shallow posts and open areas, that is, w<<L, and A<<w, the maximum
loading pressure sustainable before roof collapse is induced is given by [1.93], 6., <

nE h/2Lcosh™ (1/sin(nw/2L)) , where E'= E/(1-v*) is the bulk modulus, E is the Young’s
modulus, and v is the Poisson ratio. In [1.97], this expression is verified experimentally for
w/L=0.5 and varying A/L. In [1.94], various w/L ratios as well as different geometries, e.g.
arrays of posts and comb structures, are considered and it is reported that for L/w<4, that

expression overestimates the collapse pressures.

One way of circumventing these aspect ratio issues has been demonstrated by the Philips
Wavemaker [1.57, 58] which minimises the contact pressures, but this solution is
complicated albeit elegant. Another way seems to be the use of flexible backing polymers as
demonstrated in [1.98]. The authors fabricate a multilayer stacked stamp consisting of 25 pm
PDMS with the relief features, a 25 um polyimide (PI) backing layer, followed by a further
two layers of PDMS (60 um) and PI (25 um). The robustness is illustrated with patterns of
60um wide bars with 60pm spacing, and a height of 500nm; a single layer PDMS stamp

undergoes roof collapse whereas the stacked stamp replicates the features accurately.
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1.5 Alternative methods of patterning SAMs

In addition to uCP, other methods of patterning SAMs have been investigated. Inkjet printing
[1.70, 71] has been shown to generate high quality patterns for features above 100 pm.
Subtractive patterning by “writing” on thiol coated Au substrate with a laser beam can
generate features with similar dimensions [1.99]. Electron beams have been used in a similar
manner to generate patterns 25 nm wide [1.100]. Another method which has had more
success is dip-pen nanolithography (DPN), which is an AFM based technique where the tip is
coated with an ink and brought close to the substrate [1.101]. Condensation of water at the
tip-substrate interface then channels the molecules to the substrate. The width of the dot can
be varied through the contact time with the substrate. In the case of a line, the rastering speed
determines the line width. This is illustrated in Figure 1-17a. Resolutions down to 15 nm
have been achieved and a variety of substrates can be patterned with different inks. In
addition to writing, the AFM tip can be used to chemically, electrically or mechanically

induce desorption of a SAM with similar resolutions.

)

Figure 1-17 a) Writing patterns of SAM by dip-pen nanolithography (DPN). It is generally accepted that a water
meniscus at the tip-substrate interface transports the molecules. b) Illustration of an 2d array of cantilevers for

parallel DPN [1.102].

Unlike uCP, the above methods are serial processes and are therefore inherently slow. Inkjet
printing, however, is relatively cheap although the resolution is poor. Laser patterning comes
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with a large overhead cost, while DPN is limited to small areas due to the short travel range
of the positioning actuators (typically = 100 um). Yet, DPN is the SAM patterning method
that has had the most success and it is being commercialised by Nanolnk (IL, USA) [1.103].
One reason for its success is that the underlying technology (cantilever fabrication, x-y-z
piezo-actuators for positioning of the tip, tip deflection sensing and control, etc.) is already
well understood from the development of the AFM [1.104]. The main limitation of DPN is its
speed and small area, but this issue is being addressed with parallel DPN arrays which carry
multiple tips (Figure 1-17b). Such a method is reported in [1.102] where a 1 cm” area is

patterned with 80nm dots using a parallel system with 55000 cantilever tips.

A parallel large area alternative to uCP is photochemistry using deep-UV (see e.g. [1.105]).
Here a photosensitive SAM is exposed through a mask. The irradiated regions then become
amenable to subsequent remodification. This approach is like conventional lithography
except that a SAM is used instead of thicker photoresist thus alleviating issues such as depth
of focus or standing wave formation. However, this method involves significant overhead and

high cost of ownership especially for biologists.

Reliable methods of patterning SAM have been presented above but none combine simplicity
with functionality as elegantly as uCP. Yet, inkjet and DPN have proven to be more
accessible as ancillary tools are already available. Analogous systems for uCP have been
developed but remain problematic, expensive, or complicated. There is therefore a clear need

for simple low cost stand-alone tools for pCP.
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1.6 Research objectives

In sections 1.2-1.5, the area of uCP has been reviewed. The applications are far-ranging and
include fabrication of exotic devices, sensitisation of sensors, and the generation of templates
for probing bio-molecules in novel ways. Yet there is still a need for tools that enable reliable
aligning, handling and actuation of the stamp. Solutions have been proposed (see Section
1.4.3) but most would be deemed too expensive and inaccessible by the biochemistry
community. Based on the above review, the following design aims for a pCP engine can be

formulated.

The device should require minimal overhead equipment (e.g. optical alignment tools) to

operate.

= Compatibility with common “inks” such as alkanethiol is needed. Hence, the stamp needs
to be made of the well established PDMS.

= Multilevel printing with different inks without cross-contamination is required. Therefore,
a reliable inking and aligning system is needed.

= Stamps can be re-used, but cannot be completely cleaned of ink, so a single ink per stamp
approach is favoured. Hence, the solution must be low cost.

= The device should have a high in-plane modulus to ensure accurate registration, but still
allow conformal contact to the substrate.

= The ability of pCP to quickly pattern large areas should be preserved. However, contact
and separation forces scale with area and this criterion will be challenging to meet.

= A controlled actuation mechanism that enables contact and separation of the stamp to and

from the substrate is required.
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1.6.1 MEMS and its suitability for nCP
MEMS technology has the potential to meet most of the objectives specified. Already, PDMS

stamps are made by casting against masters fabricated by MEMS microfabrication

techniques, and methods of further exploiting microsystems technology need to be explored.

MEMS microfabrication technology has evolved considerably since Petersen published his
seminal paper [1.106] which first introduced silicon as a mechanical material and a
comprehensive review is presented by Madou in [1.107]. A key early development was the
discovery of anisotropic etching down (111) planes of crystalline silicon [1.108], and such a
machined structure is shown in Figure 1-18. The latter shows inverted pyramids with a
sidewall angle of 54.7°. Further details regarding the anisotropic etch and possible

applications for the slanted structure are provided in Chapter 3.

Figure 1-18 SEM of inverted pyramids (V-grooves) formed in Si(100) by anisotropic etching. The largest feature is

400 pm long.

New techniques such as deep reactive ion etching (DRIE) [1.109], have vastly increased
capabilities, allowing robust high-aspect ratio (HAR) features to be formed in multi-layers
without restrictions from crystal orientation. An example of such structures is illustrated in
Figure 1-19 which shows 5 um-wide and 25 pm-deep trenches formed in Si. The inset
highlights the sidewall roughness which is due to the cyclic etching and passivation steps of

the DRIE process [1.110, 111]. DRIE can also be combined with bonded-silicon-on-insulator
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(BSOI) wafers to form suspended HAR structures. BSOI is a multilayer material obtained by
fusing a thermally oxidised silicon wafer to another silicon wafer, which is subsequently
polished back to the desired thickness [1.112]. The mechanical structures are formed in the Si

layer by DRIE and are released by etching the buried oxide layer (see e.g. [1.113, 114]).

Figure 1-19 SEM of trenches in Si formed by DRIE. the inset highlights the scalloping sidewalls. (from [1.111])

A wide range of micro-actuators has also been developed (see e.g. [1.115]); these typically
combine an elastic suspension with an electrostatic, electrothermal, electromagnetic or
piezoelectric drive. These actuation mechanisms and their compatibility with a uCP engine

will be discussed further in Chapter 3.

Early examples of commercially successful MEMS systems include integrated inertial
sensors by Analog Devices. These was initially designed for the automotive industry [1.116]
but the technology used to fabricated shock sensors has been adapted to make miniaturised
gyroscopes [1.117, 118], which find applications in a number of popular consumer products
such as games consoles and mobile phones. In fact, a recent report by iSuppli Corp predicts
that the MEMS market will grow to $8.8 billion in 2012 and this growth will be driven by the
increased demand for inertial sensors in mobile phones [1.119]. Examples of an
accelerometer and a vibrating ring gyroscope are shown in Figure 1-20. The former is z-

oriented and employs capacitive sensing, whilst the latter is operated in vibrational mode with
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driving and sensing electrodes. A review of micro-gyroscope architectures and their

performances is provided in [1.117].

Figure 1-20 SEM of a) single axis accelerometer with capacitive sensing, b) vibrating ring gyroscope formed by deep

etching of polysilicon. Images are from [1.118].

Another example of commercially successful MEMS is the Digital Light Processor (DLP) of
Texas Instruments [1.120, 121] which is used in projection displays. The latter consists of an
array of individually addressable 10 x 10 pm” micro-mirrors which can be actuated to the
correct angle to form an image on a projection screen. Figure 1-21a shows an array of micro-
mirrors used in the DLP. The mirror in the central cell is removed to reveal the hinges that
allow the micro-mirror to tilt. Silicon microtechnology is also widely available commercially
in the form of micromachined ink-jet printer nozzles, which can be packed densely enough to
allow high resolution printing. MEMS actuation principles such as piezoelectric, thermal
[1.122], or electrostatic [1.123] can be used to eject tiny droplets. Figure 1-21b shows an
array of such nozzles fabricated by bulk etching and driven with integrated polysilicon

heaters.

Apart from the above examples, other MEMS devices exist and can be categorised as optical,
radio frequency (RF), and bio-MEMS amongst others. Optical MEMS typically aims to

monolithically integrate optics, electronics and mechanics, or to provide tuneable optical
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components with improved efficiency (see e.g. [1.124]). RF MEMS concerns the
development of circuit components for high frequency operation with enhanced performance
and tuneability (see e.g. [1.125]). The final category, bio-MEMS, is closely related to pTAS
and encompasses the use of MEMS for biochemical analysis and detection, clinical
intervention, or fundamental biological studies. An introduction to the field is given by Wang

and Soper in [1.126].

Figure 1-21 SEM of a) micro-mirror array from Texas Instruments, b) an ink jet nozzle array from [1.122]

This dissertation lies within the category of bio-MEMS and aims to enable multi-level pCP
using an accessible and low-cost solution. MEMS technology will be used to integrate
mechanical features, such as a flexure suspension, an actuation mechanism and alignment
features, together with a soft PDMS stamp to form complete miniature uCP engines.
Although one of the strengths of pCP is large area patterning, the contact area will initially be

restricted to a few mm? due to unfavourable scaling of contact and separation forces.

1.6.2 Thesis structure

In this chapter, the subject of uCP was reviewed, its technological importance demonstrated,
and unsolved problems in the area identified. This background study enabled the formulation

of research objectives and design aims. In Chapter 2, the fabrication of a PDMS stamp is
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investigated and its integration into a MEMS process flow is considered. A novel solution,
whose applications include, but are not limited to, stamps for uCP, is presented. In Chapter 3,
the design, fabrication and characterisation a silicon pCP engine is presented. In Chapter 4,
the feasibility of electrostatic actuation of the silicon uCP engine is analysed and results are
presented. Electrostatically-driven uCP in general is discussed. Chapter 5 presents a low cost
disposable replica-moulded miniature polymer pCP engine. Multilevel printing is
demonstrated and alignment data is presented. In Chapter 6, the approach of Chapter 5 is
combined with a hydraulic actuation mechanism. Finally, conclusions are presented in

Chapter 7.
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Chapter 2 Micro-structuring PDMS

2 Micro-structuring of PDMS for uCP
stamps and other applications

The elastomeric PDMS stamp with relief features is a key element of uCP. Some of its main
assets are 1) its ability to conform to a substrate over large areas, 2) its propensity to adsorb
hydrophobic molecules and hydrocarbons such as alkanethiols solutions, and act as an ink
reservoir, and, 3) its user friendliness, low cost, and ease of fabrication [2.1]. The
convenience of PDMS led to applications beyond pCP and gave rise to a set of patterning

techniques termed soft lithography, after the elastomeric nature of PDMS.

Soft lithographic techniques include pCP, replica moulding and other variants. Feature sizes
ranging from 100 nm to mm can easily be replicated and soft lithography has become an
important tool for rapid prototyping of microchips for microfluidics and micro-total-analysis
systems (LTAS). Polymers and plastics such as poly-carbonate (PC) or polymethyl-
methacrylate (PMMA) were already being used to make microfluidic devices [2.2] in the
early 1990s. However, PDMS, with its ease and low cost of fabrication being highlighted by
uCP, became the material of choice by the end of that decade [2.3]. Even now, although it is
well known that PDMS is far from perfect, it remains, according to pioneers in the field of

uTAS, a key material [2.4].

Applications of soft lithography in biology and biochemistry are reviewed in [2.5]. PDMS
components range from fluid channels [2.3, 6], to seals [2.7], valves [2.8] and pumps [2.9],
mixers [2.10], cyclers for polymerase chain reaction [2.11], capillary electrophoresis
separators [2.12, 13], and electrospray nozzles [2.14]. In the related area of nanoimprint

lithography (NIL), which allows the generation of ~25 nm structures by embossing a heated
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thermoplastic [2.15], PDMS has been used both as a soft master [2.16] and as a
thermocurable resist [2.17]. Exploiting its flexibility, PDMS has been used to form varifocal
lenses[2.18], tuneable diffraction gratings [2.19], and as a curved substrate for an optical
sensor emulating the human eye [2.20]. Lastly, the non-toxicity and biocompatibility of
PDMS have led it to being used in pharmaceutical applications such as porous membranes to

control the release of drugs in dermal patches [2.21] and tablet coatings [2.22].

In this chapter, the properties of PDMS and its micro-structuring methods are examined. The
established fabrication route, replica moulding, is reviewed. Subtractive methods such as
etching and laser ablation are then presented. Embossing, also termed nanoimprint
lithography (NIL), and its application to PDMS is discussed, and some initial experimental
results are presented. Lastly, spray coating of PDMS is developed, characterised, and its

merits presented.

2.1 Properties of PDMS

PDMS is a polymer belonging to the category of silicones. As a linear unbranched polymer, it
has the monomer formula —((CH3),Si-O-), and its structure is illustrated in Figure 2-1 [2.23].
The methyl terminations (-CH3) impart the hydrophobic property whilst the siloxane
backbone (-Si-O-) provide flexibility. With a melting point of c.a. -55 °C, it exists as a liquid
at low molecular weights (low #), while at higher molecular weights (high 7), polymer chain
entanglement occurs and the polymer takes the form of a solid gum [2.23, 24]. In this fluid
form, it finds applications as lubricating oil, foam control, personal care and cosmetics

amongst others.
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Elastomeric forms of PDMS are obtained by cross linking. The commercial formulation
commonly used in the community, Sylgard 184 (Dow Corning Corp) [2.25], is a 2-part, heat
curable mixture consisting of a base and a curing agent. After mixing, the blend crosslinks
and solidifies. Curing times vary from 24 hours at 23 °C to 15 minutes at 150 °C. In this
formulation of PDMS, some of the methyl groups in the polymer chain of Figure 2-1a are
replaced by vinyl groups (-CH=CH,). Similarly, the some of the methyl groups in the curing
agent are replaced by hydrogen (-H). The curing agent also contains silica fillers (for
hardness) and a platinum catalyst which induces a hydrosilylation reaction which joins the
hydrogen groups in the curing agent to the vinyl groups in the base and leads to a solid
crosslinked polymer. The reaction is illustrated in Figure 2-1b. Hard PDMS (h-PDMYS)),

introduced by [2.26], is made using a similar approach but with a base of different molecular

CH;
—S|i—O~ES|i—O}S|i—
T

CH; a)

weight and cross-link density.

—0 CH; —C|) CH;
—O0—Si— H 4+ H),C=CH— Si—0— —Pt> —O— Si— CH,CH, — Si—O0—
CH; CH; CH; CH;
curing agent base Crosslinked polymer
b)

Figure 2-1 a) Structure of linear PDMS consisting of a siloxane backbone (-Si-O-). b) Cross-link reaction

(hydrosilylation) between methyl hydrogen siloxane units in the curing agent and dimethyl vinyl units in the base.
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2.2 PDMS casting and moulding

Casting is a cheap and experimentally simple method of generating structures. PDMS
(Sylgard 184) is especially suitable because of its 2-part curing method and reasonable cure
times. Masters are typically made using MEMS microfabrication technology. Typically, a Si
or SiO; substrate is coated with thick photoresist and the latter is patterned by optical
lithography [2.1]. The availability of SU-8, a photosensitive epoxy capable of forming high
aspect ratio structures for MEMS [2.27], has increased possibilities as masters with deep
features can easily be made [2.28, 29]. Alternatively, a micromachined silicon substrate
formed by conventional photolithography and DRIE or KOH crystalline etch can be used.
Non-photolithographic methods of generating masters are also available and are described in

[2.30].

A typical process flow, starting with a structured master is illustrated in Figure 2-2a. Masters
can be formed in any suitable method, but a key requirement is that they are treated with a
release agent to facilitate the peeling off of the polymer after curing. Figure 2-2a illustrates a
structure made by patterning thick resist on Si. A common antistiction treatment is to expose
the masters to a vapour of 1,1,2,2-tetrahydroperfluorodecytrichlorosilane (FDTS) [2.31] and
this treatment is often termed silanisation. Another method, which is adopted here, is the
deposition of a conformal teflon-like layer, CFy, using the passivation cycle of a DRIE [2.28,

32].
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Figure 2-2 a) Casting of PDMS on a Si master. b) SEM of V-shaped bars formed by moulding against a KOH-etched

Si master. ¢) SEM of dense high aspect ratio structures cast against a Si master formed by DRIE.

The thoroughly mixed and degassed PDMS precursor is then poured onto the suitably treated
master and allowed to flow into the channels. Initial experiments show that, especially for
high aspect ratio masters, degassing in a desiccator ensures complete filling of the trenches.
After filling, the thickness of the elastomer is fixed either by spin coating or by placing a
weight on top. Finally, the assembly is cured and the polymer is peeled off. Examples of
PDMS structures formed using the above methods are shown in Figure 2-2b and c. Note that

the polymers were coated with a thin layer of Au to enable reliable SEM imaging.
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2.3 Subtractive structuring of PDMS: Laser ablation
and wet etching

2.3.1 Laser ablation

Patterning of PDMS for microfluidics by laser ablation has been demonstrated in e.g. [2.12].
In this work, 110 um wide channels with depths of 33 um were rapidly generated using a
relatively cheap CO; laser. Being a direct write process, laser ablation is maskless and
designs can quickly be modified. However, the fabrication time per prototype is high given
the serial nature of the process. Moreover, whilst good for writing lines, laser ablation is
presumably very slow at removing large open areas, and the surface roughness may be an
issue in some applications. Lastly, laser ablation causes localised heating of the polymer,

which, although not reported in this paper, may modify its surface properties.

Laser ablation is perhaps best used to complement replica moulding, as demonstrated by Kim
et al. [2.33]. Here the tight focus of a 800 nm femtosecond pulsed laser beam is used to drill
capillaries as small as 0.5 um wide 35 pum below the surface. Such features cannot be formed
by replica moulding. An illustration of a device is shown in Figure 2-3a. The large channels
are formed in PDMS by conventional casting, whilst laser ablation is used for the micro-

capillary connecting the two.

2.3.2 Etching of PDMS

RIE based dry etching of PDMS has been demonstrated by Garra et al. [2.34]. An O,/ CF,4
gas mixture is used and maximum etch rates of 20 pm/hour have been obtained. The masking

material used is Al and it is defined by conventional photolithography. The main benefit of
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this form of patterning is that the PDMS is already crosslinked and no further shrinkage is

induced. Moreover, it preserves the batch, wafer-scale nature of replica moulding. However,

the etched surfaces (and sidewalls) are very rough and can be observed qualitatively in Figure

2-3b. Also, the changes to the surface properties of the PDMS after ion bombardment are

unknown.

Optical image b)

Figure 2-3 a) Sub-surface drilling of a micro-capillary by laser ablation[2.33]. b) Dry etching of PDMS with RIE.

Inset is an SEM image highlighting the roughness. (adapted from [2.34])
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2.4 Embossing

Hot embossing of polymers for the fabrication of miniature chips is well established as
described in e.g. [2.35]. Chou et al. [2.15] have demonstrated the fabrication of 25 nm
features in PMMA and the term nanoimprint lithography (NIL) was coined. Limitations of
the techniques were the high temperature (> T; for PMMA, T,~ 110 °C ) and pressures (>10
MPa) required to achieve uniform patterning. Step and flash imprint lithography (SFIL), was
developed as an alternative to circumvent these issues [2.36]. SFIL uses a low viscosity
photocurable prepolymer and the casting process is chemical (rather than physical) in nature
and requires low pressures. A transparent master is however required. Pedersen et al. have
devised a compact low cost imprinter for thermal NIL using a flexible master which is
pneumatically actuated to emboss PMMA [2.37] using pressures of = 500 kPa. Separation is

similarly achieved by mild suction (= 70 kPa).

PDMS has been used as a master for embossing PMMA both in SFIL [2.16] and NIL [2.37].
Here, pre-formed PDMS is used as a master to emboss PMMA. However, few have reported
on embossing using PDMS as the thermocurable resist, which is surprising given the
technological relevance of the latter. Tormen et al. [2.39] and later Malanquin et al. [2.17]
highlight the low pressure and temperature required and present some initial results but do
not provide a detailed analysis of the pattern fidelity. Recently, Hoh et al. have reported
nanoembossing of 1 um wide and 200 nm deep trenches in PDMS (Sylgard 184) using a Si
master [2.40]. The imprint area was limited to 10 um x 10um and the applied load was 1 kPa.
In this case, a flat slab of the polymer is allowed to crosslink at room temperature for 24
hours, so that it is firm enough to handle but still tacky. The master is contacted and a load is

maintained to form a shallow imprint.
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Prior to the publication of [2.40], the author and others in the group had attempted similar
experiments using partially cured Sylgard 184. The polymer was spun onto a Si substrate and
partially cured, and a microfabricated Si master was pressed into the polymer (see Figure
2-4a). Qualitatively, it was found that the more crosslinked the polymer was, the better the
pattern fidelity, but the shallower the imprint. In addition, for imprints greater than a few
micrometers, when the PDMS was mildly crosslinked and still soft (5 minutes baking at 60
°C prior to embossing), large voids due to trapped air were observed in the polymer film (see
Figure 2-4b). Imprinting in vacuum was shown to solve this problem [2.41]. In addition,
separation after embossing was very problematic and was found to depend on the features
and the imprint depths. For example, for shallow features (< 5 um) exhibiting a total contact
area of 1.7 cm” separation forces of 20 N (i.e. pressure of ~ 120 kPa) were required, whereas

for deeper features (10 — 20 um), separation failed.

Signal A = SE1 Date :5 Feb 2009
EHT=2000kV WD= 10mm PhotoNo. =881 Time :17:34:28

Figure 2-4 a) Illustration of embossing. b) SEM of an embossed PDMS part showing a void due to trapped air

Given the problematic nature of embossing PDMS, an alternative method of structuring was

sought and is presented in the next section.
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2.5 Spray Coating of PDMS

2.5.1 Motivation

The methods of structuring PDMS discussed above have their limitations. Embossing is
marred by high separation forces between master and substrate. RIE provides a rough surface
with chemically altered surface properties. Replica moulding works well for thick layers (>50
um) which are strong enough to be peeled off. Thinner layers tend to tear up upon release. In
addition, none of the above enables conformal coating of a predefined surface. Furthermore,
as indicated in Chapter 1, Section 1.6, a MEMS based solution to the pCP alignment problem
may require deposition of PDMS on a fragile Si structures. None of the above deposition
steps are gentle enough. Lastly, MEMS fabrication can involve high temperatures (above the
operating range of Sylgard 184, which is 200 °C) or harsh chemicals and a PDMS deposition

method that can be applied post-microfabrication is required.

Spray coating meets the above conditions; the process is low impact and can be carried out
after the Si device is released. Spray coating has been extensively investigated for deposition
of photoresist onto three-dimensional microstructures [2.42-45] using, for example, the
EV101 spray-coater (EV Group, Innsbruck, Germany) [2.46]. Diluted, low viscosity resist
[2.45] and a high carrier gas flow [2.44] are required to obtain small droplet sizes, and hence
low surface roughness. Ultrasonic atomisation may also be used [2.43]. A rapidly evaporating
solvent or a heated sample is also required for uniform coverage of raised features. Spray
coating has also been used for deposition of sol-gel materials [2.47], and the related method
of electrospray has been investigated [2.48]. Spray coating of PDMS has, however, so far

received very limited attention [2.49, 50].
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In this section a PDMS spray-coating jig using a modeller’s airbrush is designed and
characterised. Film quality is analysed and conformal coating of structures is demonstrated.

Functionality of the polymer for pCP and plasma activated bonding is verified.

2.5.2 PDMS spray deposition: Background

The overall aim in spray coating is to obtain small droplets from an atomized spray, to
minimise surface roughness while still achieving a uniform, pinhole-free film. Background
literature on atomization is reviewed and materials and experimental set up are described.
The key process parameters are shown to be the spray injection pressure and the PDMS

viscosity.

Atomization

Spray coating is carried out by a process akin to coaxial atomization, in which a high-speed
coaxial gas stream is used to break up a liquid jet and disperse it into droplets much smaller
than the jet diameter. A similar mechanism is used in cryogenic rocket engines, in which a
liquid oxygen jet is atomised by a high-speed annular flux of hydrogen [2.51]. Despite
considerable recent efforts, recently reviewed in [2.52], coaxial atomization is still relatively
poorly understood. The physical processes are different to those occurring when the liquid jet
discharges into stagnant gas [2.53]. For this case, Rayleigh investigated the mechanism for
break-up in 1879, and proposed a hydrodynamic instability due to surface tension. In 1931,
Weber showed in turn that viscosity has a stabilising effect. For coaxial atomisation,
additional processes can occur by a transfer of kinetic energy from the gas to the liquid, and

Varga et al. [2.54] have shown a series of instabilities is involved. A Kelvin-Helmholtz
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instability first develops in the annular shear layer at the liquid discharge nozzle, creating
surface ripples in the liquid that subsequently grow into tongues and vortex sheets. Rayleigh-
Taylor instabilities then develop at the crests of the tongues due to the action of the light gas
pushing against the heavier fluid. These instabilities strip the fluid from the tongues as a

series of fine ligaments and droplets (see Figure 2-5).

(@] (@]

Spray o
Gas, Ug O o /
%

Tongues

4

Liquid, Up

=

Figure 2-5 Illustration of Instability leading to droplet formation

The exact details of spray formation are complicated, and even more so for non-Newtonian
fluids [2.55] such as PDMS polymer. For Newtonian fluids, spray formation depends on a set
of dimensionless parameters including the gas and liquid Reynolds numbers Reg = Ugpg(Dg
— Dr)/ug and Rep, = Uppr Di/pr, which define the ratio of inertial to viscous forces, the gas
Weber number Weg = pg(Ug — Up)’Dy/o, which defines the ratio between the pressure force
of the gas on the liquid and the confining force of surface tension, and the Ohnesorge number
Oh = ;,LL/(pLDLG)m, which defines the ratio between viscous and surface tension forces. Here
p is density, p is dynamic viscosity, ¢ is surface tension, U is velocity, D is the diameter of
the flow, and the subscripts L and G denote liquid and gas respectively. The momentum flux
ratio M = ngG2/ pLUL2 and the mass flux ratio m = pLULA/pgUGgAg are also important,

where A is cross-sectional area of the flow. It is generally accepted that the droplet size
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reduces with a decrease in liquid viscosity and also with an increase in gas velocity and in the

gas/liquid mass-flow ratio.

Further complications arise from the use (as here) of a Venturi nozzle, whose operation has
been investigated as part of Venturi Scrubbers. Venturi scrubbers use a liquid spray to
remove particles entrained in the gas, and have been studied extensively. Different
arrangements exist; in ejector scrubbers, the liquid is introduced axially into a gas flow
upstream of the throat of a convergent/divergent nozzle [2.56], while in Pease-Anthony
scrubbers, it is introduced transversely through one or more nozzles at the throat (Figure 2-6)
[2.57]. In the latter case, the cylindrical symmetry associated with co-axial atomization may
be lost. Although the atomization mechanism must be similar, theoretical models have been
less detailed because of these distinctions and spray size distributions tend to be empirical. A
widely-accepted expression for the Sauter mean diameter D3, of the drops originally

proposed by Nukiyama has the form [2.58, 59]:

0.45 1.5
0585 \ [o n QL
Dy = ( ) ’—+ 1.683 x 1073 (—L ) (1000—) 21
27 We- U/ |p, pLO Qq @

Here Q. and Qg are volumetric flow rates, the various constants are in SI units and D3, is in
metres. Other empirical expressions exist [2.60], but these and Equation 2.1 again point to a

need for a low liquid viscosity, a high gas velocity and a high gas/liquid mass flow ratio.
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Figure 2-6 Illustration of a Venturi nozzle

2.5.3 PDMS Spray deposition: Experimental methods

Materials

Experiments were performed with Dow Corning Sylgard 184 [2.25]. This material has a
dynamic viscosity of p = 3900 mPa.s, or a kinematic viscosity of v=p/p=3.8 x 10’ cStat a
density of p=1.03 x 10’ kg/m’. Since it is so viscous it cannot be used in an airbrush
directly. To reduce its viscosity it was therefore mixed with a silicone fluid with a shorter
chain length as reported in [2.50]. Dow Corning 200 Fluid 20 ¢St [2.61], another PDMS
composition with p =19 mPa.s, v =20 cSt and p = 0.95 x 10° kg/m’, was used, and the ratio
of Sylgard 184 base to Sylgard 184 curing agent to 200 Fluid 20 cSt was 1 : 0.1 : 1. The
resulting blend was considerably less viscous than normal and suitable for the airbrush.
However, the cross-link density is lower than conventional Sylgard 184 and the consequent

hardness of the polymer is expected to drop (see e.g. [2.24]).

An alternative diluent, hexane, used in the same ratio as the previous blend, was also
investigated. The key benefit is that hexane has a high vapour pressure, and therefore tends to

evaporate in flight. Therefore, the viscosity of the fluid reaching the target can be assumed to
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be higher than the viscosity before spraying. Moreover, after curing, the deposited material
can be considered to consist only of crosslinked PDMS, since all the solvent will have
evaporated. When Fluid 20 ¢St is used, the resulting coating contains low molecular weight
silicone polymer chains trapped inside a matrix of Sylgard 184. The additional material can
be a source of contamination in applications such as uCP and uTAS. As will be shown in
Section 2.5.4, similar coating uniformity could be obtained with both diluents, although the

hexane-diluted blend results in more conformal coatings (see Section 2.5.5).

Spray coating equipment

A commercial airbrush with a medium nozzle (Badger 350, Badger Airbrush Co., Illinois,
USA) was used, as shown in Figure 2-7a. Such brushes are normally used in model painting,
and can coat an area of ~ 1 cm”. The brush is driven by compressed N, which flows through
a Venturi nozzle. The flow causes a local reduction in pressure, so that paint can be driven
from a small jar by atmospheric pressure. On exit from the nozzle, the flow is broken into
droplets by atomization much as in Figure 2-6. To increase the area that could be coated
uniformly, the airbrush was held on a frame above a motor-driven rotating chuck on which
small samples could be mounted for coating as shown in Figure 2-7b. Apertures were used to
limit the extent of the spray, and the chuck could be heated to accelerate curing. Even in the
atomisation regime, there can be an intact core of unbroken liquid within the spray near the
nozzle. The exact length of this core depends on the internal nozzle design. Since the internal
dimensions of the airbrush nozzle used here were unknown, a separation between the nozzle

and the sample sufficient to avoid this core was determined empirically.
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Figure 2-7 a) Modeller’s airbrush used for spray coating. b) Rotating spray deposition system showing rotating

chuck, screens, and spray gun.

The actual variation of the droplet size obtained at different pressures is difficult to measure,

because the droplets distort and coalesce on contact with the surface. However, an estimate

can be obtained from surface roughness measurements, as shown in the following Section.

The use of a Venturi implies that high gas pressure, while reducing roughness, will also

increase the flow rate of polymer. In initial experiments, the airbrush was placed normally

above a stationary sample, and triggered manually for a controlled period. It was found that

the film thickness rose to = 10 um in times as short as 1 second, and that the process was not

reproducible for thinner films. All other experiments were therefore conducted with the stage

rotating.
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The rotating stage system coats samples within a radial band with » lying in the range r; <r <
r,. Assuming that all of the material contained in a cylindrical jet of radius @, with a volume
flow rate Q) = na*U m’/sec, is deposited in that radial band, the film thickness d obtained in a
time 7 is d = Ot/ {n(rs* — r;*)}. This expression is an overestimate if any apertures are used,
but it is clear that the thickness should vary linearly with time and be independent of the
angular rotation rate o of the stage. However, it is possible that surface roughness could
depend on ® and also that the roughness in the tangential and radial directions might differ

due to centripetal effects.

Characterisation of deposited films

PDMS films, covering a 5 mm % Smm area, were deposited on small (= 10 mm x 10 mm)
pieces of silicon wafer and cured for 20 mins at 100 C. Film characteristics were then
measured using a Dektak STIII mechanical surface profiler (Veeco Instruments Inc,
Plainview, NY, USA), with the stylus force set to 10 uN to avoid deforming the film, and a
Zygo NewView 200 white light interferometric microscope (Zygo Corp., Middlefield, CT,
USA). Prior to optical measurements, the films were coated with a layer of Au to increase
reflectivity. A low pass cut off wavelength of 600 um was used for all measurements and the
measurement length was at least 3 mm for stylus measurements or an area of 3 mm x 3 mm
for interferometric measurements. Roughness was quantified separately along the radial and

tangential directions by calculating the arithmetic mean roughness (Ra), found from the
average height variation y(x) with distance x over a length L as Ra = (1/L) oj L y(x) dx [2.62].

A further parameter, the uniformity (the standard deviation of thickness divided by mean
thickness, which can also be interpreted as the normalised roughness [2.42]) was also used to

quantify film quality. The value of this parameter reduces as film quality improves.
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2.5.4 PDMS Spray deposition: Results

Figure 2-8a shows the variation of thickness with deposition time, for an injection pressure of
40 psi, a separation between the airbrush and sample of 30 mm and different stage rotation
rates. As expected, the deposition rate is effectively independent of rotation rate. Figure 2-8b
shows the corresponding variation in radial roughness with thickness, for different rotation
rates. Here, the roughness seems to depend on the rotation rate, although no clear trend can
be deduced due to high data variability. However the roughness at 135 rpm is significantly
higher than the roughness at 350 rpm and 600 rpm. The effect is attributed to centripetal
force, which causes an outward smoothing movement of material. Figure 2-9a shows the
variation in tangential roughness with injection pressure, for a rotation rate of 135 rpm and a
separation of 30 mm. Higher pressures give slightly thicker films but no clear effect on
roughness can be deduced due to high data variability. The effect is similar for radial and

tangential roughness at a given rotation rate and is not presented here.

Based on further characterisation, an optimised set of coating parameters was determined.
The separation was increased to 50 mm, since this separation was found to give uniform
coverage over an annular band with 7, — »; =5 mm. The pressure was increased to 60 psi,
since this gave low surface roughness, and the rotation speed was increased to 600 rpm for
similar reasons. Figure 2-9b shows the variation of deposited thickness with time obtained
using these parameters. The deposition rate is approximately constant, at 0.3 pum/sec.
Uniformity clearly improves with thickness (see Figure 2-9c) and this is attributed to body
forces overcoming surface tension forces that tend to form discrete droplets. Figure 2-10a and
Figure 2-10b show corresponding variations of thickness and uniformity for hexane-diluted

PDMS. Similar trends are observed. However, uniformity clearly improves much more
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slowly with thickness in this case, presumably because the in-flight evaporation of diluent
leads to more viscous droplets reaching the surface. This change in rheological properties

results in a trade-off between roughness and conformality, as shown later.
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Figure 2-8 a) Variation of fluid 20¢St diluted, spray coated PDMS fim thickness with time, for different rotation
rates. Points are data, straight lines are best fits. b) Variation of radial roughness with thickness, for different

rotation rates. Injection pressure: 40psi; separation 30mm.
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A 3D model of the surface profile of a 3.5 um thick film sprayed under optimised conditions,
obtained by white light interferometric microscopy, is shown in Figure 2-11a. The optical (Ra
= 1760 A) and mechanical (Ra = 1470 A) roughness values were found to correspond. The
film is smooth and of good quality and with a normalised roughness of 11%. In contrast,
Figure 2-11b shows the surface profile of a film deposited using low driving pressure. Here,

the discrete nature of sprayed droplets may clearly be seen, and the poor quality of the film is

reflected in a normalised roughness of 23%.
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Figure 2-11 3D Maps of coated surfaces. a) Optimised conditions. b) Low Pressure Conditions

Wafer scale coating

Our existing spray-coating equipment is limited to small 5 mm x5 mm areas. However, wafer
scale spray coating of photoresist has been extensively investigated by Pham ef al. [2.43] and
a similar approach may clearly be used for PDMS. The process was developed on the EVG
101 system, which uses an ultrasonic spray nozzle mounted at an angle on a swivel arm to
allow whole wafer coverage. The wafer is rotated at slow speed (50 rpm) to minimise
centripetal effects, and the nozzle is swept across the wafer with a carefully programmed
tangential velocity to ensure equal coating thickness at the centre and edge of the wafer. The
requirement for a slow rotation rate may lead to higher roughness but is necessary for a
constant film thickness over the whole wafer. Thickness variations of < 15% have been
obtained on 100 mm diameter wafers after optimisation of the velocity profile [2.43],

independent of the coating thickness [2.45].

2.5.5 PDMS spray deposition on microstructured surfaces

In this sub-section, the spray coating process is extended to microfabricated surfaces. The

aim is to achieve conformal coating and applications include, but are not restricted to, rigid

84



Chapter 2 Micro-structuring PDMS

thin stamps for uCP. Two types of test structures were used: shallow 6 um tall parallel bars
with varying mark-to-space ratios, and deep (= 100 um) V-grooved structures. The former
were formed by conventional lithography and DRIE, whilst the latter by anisotropic KOH

etching of (100) Si.

Si mesas were coated using the optimised parameters described in Section 2.5.4 and
empirically determined spray times. Scanning electron microscope images of PDMS-coated
microstructures with different line widths and periods are shown in Figure 2-12. Figure 2-12a
shows a structure with 5 um wide bars and a 40 um period, while Figure 2-12b shows 5 um
wide bars and a 10 um period. In each case, little material is deposited on the tops of the

mesas.

Signal A = SE1 Date :23 Sep 2008
EHT=1997kV WD= 16mm Photo No.=8287  Time :11:20:18

Signal A= SE1 Date :23 Sep 2008

—_ EHT=2023kV WD= 16mm Photo No. = 8326 Time :11:20:18

a) b)

Figure 2-12 SEM views of Fluid 20¢St diluted PDMS. a) 5 pm wide bars and 40 pm period. b) 5 pm wide bars and 10

pm period.

In addition, the PDMS film only conforms to the underlying structure for low mark-to-space
ratios (Figure 2-12a), and definition is lost due to bridging between adjacent bars for larger
ratios (Figure 2-12b). Build-up of material at the base of high aspect ratio structures also

occurs in spray coating of photoresist and is attributed to flow of the low viscosity polymer
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required for atomisation [2.43-45]. The conventional solution is to reduce the viscosity of the
resist after it reaches the target by using a solvent of appropriate volatility, or by heating the
target to induce rapid evaporation. We have investigated the first approach using the hexane-
diluted blend described in Section 2.5.2. The result is shown in Figure 2-13, for a structure
with 5 um wide bars and 10 um period. Here, there is clearly more material on top of the

mesas, compared with Figure 2-12b, without loss of definition.

Signal A = SE1 Date :27 Jan 2008
EHT=2000kvV WD= 7mm Photo No. =695 Time :19:25:21

Figure 2-13 Hexane-diluted PDMS spray coated silicon microstructure with 5 pm width and 10 pm period.

For the Fluid 20 ¢St diluted blend, the only mechanism to increase viscosity is thermally
accelerated crosslinking of the siloxane polymer chains. Sylgard 184 cures relatively quickly,
and becomes hard enough to handle after only 15 mins at 150 °C [2.63]. Further experiments
were therefore conducted with the chuck heated to 150 °C. Over the short spraying time (= 10
sec), the polymer blend is not expected to harden fully. However, runoff might be expected to
reduce, leading to a more conformal coating. 300 um deep V-grooves, formed in (100) Si by
KOH wet etching, were used to investigate the effect of target temperature on conformality
and roughness. These structures were preferred over shallow parallel bar mesas as they
required thicker (> 10 um) PDMS coatings, whose deposition could be controlled accurately

by spray coating stationary specimens heated on a hot plate. Typical coated V-grooves are
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shown in Figure 2-14a and b. Here, the following coating parameters were used: separation of

50 mm, pressure of 60 psi, and stationary stage at various temperatures.

Signal A = SE1 Date :3 Dec 2008
EHT=2000kV WD= 9mm Photo No.=9919  Time :14:07:26

Signal A= SE1 Date :3 Dec 2008
EHT=2000kv WD= 9mm Photo No. = 9917 Time :14:07:26

a)
Figure 2-14 SEM view of Fluid 20 ¢St diluted PDMS spray coated silicon V-groove structure a) with chuck

temperature = 20 C; b) with chuck temperature =150 C

To quantify the results, we have used the ratio of PDMS thickness #pjeq, 0n the plateau
(Figure 2-15a) to the thickness in the valley ty,., as a ratio of conformality. The use of V-
groove structures also allowed the surface roughness to be measured on the plateau and on
the sloping sidewalls using optical interferometry. To image the sidewalls, the specimen was
first tilted by the V-groove angle cos™ (1/N3) = 54.74°. Figure 2-15b shows the variation of
conformality with roughness, and Figure 2-15¢ shows the variation of roughness with
temperature. These results show that heating to accelerate cross-linking can improve

conformality, but only at the expense of increased roughness.
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2.5.6 Applications of PDMS spray coating

Although the drive behind the development of a deposition process was pCP, the technique is
versatile and can have many applications, as described at the beginning of this chapter. Some

of them are demonstrated below and these highlight the functionality of spray coated PDMS.

Plasma Activated Bonding

PDMS is heavily used in the microfluidics community because of its low cost, ease of
processing, and the fact that it enables rapid prototyping of uTAS. An important technique in
fabrication and packaging is that irreversible seals can easily be obtained by oxygen plasma
activation. On exposure to the plasma, the methyl (-CH3) groups of the polymer chain, -O-Si-
(CH3),-, are replaced by hydroxyl (-OH). When these silanol groups (-Si-OH), are brought
into conformal contact at room temperature, they condense with those on another surface,
such as on another oxidised PDMS or glass, yielding strong Si-O-Si bonds. The covalent
bonds form the basis of tight irreversible seal that can easily resist pressures of 50-60 psi

[2.64, 65].

Various combinations of samples were used to demonstrate plasma activated bonding,
including 80 um thick spin coated PDMS (Sylgard 184) on silicon, a few pum thick spray
coated PDMS on Si, and glass. Samples were soaked in ethanol for ~10 minutes to extract
uncured low molecular weight siloxane residues, and then cleaned in diluted hydrochloric
acid (10%) for 15 minutes. The dilute acid cleaning step was included since some of the
samples were over 1 week old [2.6]. A Plasmalab 80" parallel plate RIE was again used to
provide a low power, high pressure, short oxygen plasma surface activation. A low power is

required to avoid damaging the (-Si-O-) backbone and a short exposure minimises cracking
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of the PDMS [2.65, 66]. The parameters used were 70 W RF power, 100 mTorr chamber
pressure, 60 sccm O; flow rate, and 20 s exposure time. Activated samples were placed in
contact a few minutes after plasma treatment and slight pressure was applied to ensure
conformal contact. The specimens were then left in contact for ~1 hour before further testing

or imaging.

The relative strengths of the different combination of materials are presented, rather than a
quantitative analysis, which is beyond the scope of this thesis. In decreasing order of strength,
the combination of bonded surfaces is as follows. The strongest bonds were obtained between
80 um spin coated PDMS and glass (1), followed by 80 um spin coated PDMS and 80 um
spin coated PDMS (2), and 80 pum spin coated PDMS and 5 um spray coated PDMS (3). The
weakest bonds were obtained between 20 um spray coated PDMS and 20 um spray coated
PDMS (4). Thin (5 um) spray coated PDMS layers hardly adhered to each other or to glass. It
is believed that lack of conformal contact rather than the material itself is the cause of this
behaviour. In contrast, the combinations (1) — (4), where at least one of the samples was
flexible enough to mate with the other, bonded well. Applications for this technique would be
in the fabrication of microchannels or for packaging of MEMS. In the former case, the use of
masking to localise the coating to the bonding area could reduce latency in separation
devices. Figure 2-16a and b show SEMs of microchannels formed by bonding a spray-coated,
reactive ion etched Si groove to a planar surface. Figure 2-16c¢ and d show encapsulation
voids formed using much larger spray-coated KOH-etched V-grooves. In all four cases, the
Si structures (upper) were spray coated, cured, plasma activated and contacted to a flexible 80
um thick spin coated PDMS on Si substrate. Further work is required to quantify the bond
strength, but these preliminary results show that spray coated PDMS has essentially the same

functionality as cast or spin coated PDMS.
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uCP with spray coated stamps

Spray coated structures such as those of Figure 2-12 and Figure 2-13 were used as stamps for
pCP. Stamps were inked and brought into contact with a 30 nm thick Au substrate. Contact
time was around 1 minute. The Au was then etched to reveal the printed pattern. Inking and
etching are described in detail in Appendix A. Prints covering the full stamp area were
obtained. Typical prints are illustrated in Figure 2-17a and b. However, defects such as pits,
broken lines, and ill-defined edges become significant as line widths are reduced (Figure

2-17b). This is expected due to the random nature of the spray coating process.

3um Signal A= SE1_ Date :3 Dec 2008
P EHT=2000k/ WD= 8mm  PhotoNo.=9938 Time :18:18:02

2um Signal A= SE1  Date :3 Dec 2008
'_' EHT =20.00 kv WD= 8mm Photo No. = 9939 Time :18:18:02

)

Signal A= SE1 Date :3 Dec 2008 Signal A= SE1 Date :3 Dec 2008
EHT=2500kV WD= 20mm Photo No.= 9943 Time -18:18:02 ] EHT=2500kv ~WD= 21 mm Photo No. = 9947  Time :18:18:02

d)
Figure 2-16. SEMs of plasma activated bonding of Fluid 20 ¢St PDMS covered structures: a) and b) 2um deep
rectangular channels formed by DRIE. For high channel width to height ratios such as in b) the run off significantly

alters the shape of the channel. ¢) and d) 300 pm deep channels formed by KOH etching of Si (100).
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Signal A = SE1 Date :10 Dec 2008

EHT=2000kV WD= 29mm Phote No.=193  Time :17:15:00

a) b)

Figure 2-17 SEM views of Au patterns (bright) on Si (dark) made by pCP using a spray coated stamp: a) 10 pm bars,

b) varying bar widths showing defects.

2.5.7 Summary: Spray deposition of PDMS

A method of spray-coating thin films of PDMS has been developed and characterised. The
method is particularly appropriate for post processing of flexible MEMS that are too fragile
to coat by other methods, or surfaces carrying deep features where spin-coating or casting
cannot be used to obtain a conformal coating. The process avoids mechanical damage to
microstructures and thermal damage to the PDMS, and might therefore provide a useful
method of combining silicon MEMS and polymer microfluidics. For example, it might be
used to provide layers with controlled or localised hydrophobicity, adhesion layers or gaskets
on silicon. The method should also be appropriate for depositing other functional polymer
layers onto completed devices, for example sensitised layers onto surface acoustic wave gas

sensors or chemical preconcentrators.

Conditions for obtaining low surface roughness (low PDMS precursor viscosity, high gas
pressure and sample motion) have been established. Coatings have been localised using
simple apertures, but more generally precision stencils may be used. It has been shown that

either an evaporating diluent or accelerated curing is required to reduce coating run-off on
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structured surfaces. The functionality of the coated PDMS film has been confirmed by
successful demonstration of plasma activated bonding and micro contact. Further
improvements to the technique are required to increase the coated area, reduce surface
roughness and improve film thickness uniformity on closely spaced high aspect ratio

microstructures.

2.6 Conclusion

In this chapter, methods of machining PDMS have been reviewed. Tests have been made
with embossing and replica moulding and some results have been presented. Spray deposition
has been identified as particularly advantageous and a home-made jig for spray coating of
PDMS has been built. The deposition process has been characterised and its applications

demonstrated.
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3 Silicon pnCP engine

3.1 Introduction - MEMS

As reviewed in Section 1.4.3, alignment tools for uCP include a flexure suspension, an
actuation mechanism, and alignment features. MEMS technology has the potential of
integrating all these into silicon. A thorough review of microfabrication technology is
presented by Madou in [3.1]. Important bulk machining techniques include anisotropic
etching of crystalline silicon [3.2], and DRIE which is not restricted by crystal orientation,
while the development of the mechanically stable photoresist SUS [3.3] further enabled the
fabrication of high-aspect ratio structures by an additive process. A wide range of micro-
actuators has also been developed [3.4] and these typically combine an elastic suspension

with an electrostatic, electrothermal, electromagnetic or piezoelectric drive.

3.1.1 Silicon springs

Springs can be formed in silicon by etching and releasing the movable parts and some
examples are shown in Figure 3-1. Through-wafer etching and bonding can be used to form
in-plane and out-of-plane springs as in Figure 3-1a and b. In BSOI wafers, springs can be
fabricated by DRIE of Si followed by isotropic etching of the buried oxide layer to release
moving parts [3.5]. Undercutting can also be used with single crystal Si to form thinner
springs designed for out-of-plane motion (Figure 3-1c). The size, especially the thickness, of
the spring is critical as the spring constant, k, scales as the product of the width , w, and the

cube of the thickness, ¢, divided by the cube of the length, L [3.6].
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Figure 3-1 a) Leaf spring formed by through-wafer DRIE and bonding onto a substrate with pre-etched pits to enable
movement [3.7]. The springs joins the proof mass of an accelerometer to its frame. b) Through wafer etched

suspended springs [3.8]. ¢) Thin cantilever spring formed by undercutting [3.9].

3.1.2 Actuation

Silicon MEMS actuators can be classified as electrostatic, piezoelectric, thermal and
magnetic [3.10]. Electrostatic actuators are most easily implemented in MEMS since all that
is required is a well defined gap, and dielectric and conducting layers. These are easily
implemented with microelectronic fabrication technology. An example of an electrostatic
comb actuator is shown in Figure 3-2a. Here, the application of a voltage causes the
interlocking fingers to attract each other and thus achieve linear in-plane motion.
Piezoelectric actuators are well known for their large forces and high-frequency response
[3.6, 11]. Deposition of the piezoelectric material, however, is not straightforward. Recent
progress in the area is reviewed in [3.12]. Thermally driven MEMS are as simple to
implement as electrostatic devices and an example is a ‘hot’-arm polysilicon microactuator
as described in [3.13] and illustrated in Figure 3-2b. Here, differential expansion of the
asymmetric arms due to Joule heating of the different resistive arms drives the device. Other
variants of thermal actuators use bi-morph involving materials of different coefficients of
thermal expansion [3.6]. Magnetic MEMS are powerful devices capable of holding higher

energy densities than electrostatic MEMS [3.6, 14], as well as being able to operate in
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conductive fluids. However, integration of the soft magnetic materials (e.g. NiFe) remains

problematic.

Driven by development in the area of pnTAS, methods of machining non-silicon material have
been developed [3.15, 16]. Flexible elastomers like PDMS have proven popular as their
microfabrication by moulding is straightforward (see Chapter 2). The elastomeric properties
and ability to provide good seals have led to the development of a number of hydraulic and
pneumatic devices for microfluidics. However, this actuation mode remains rare in MEMS

[3.17].

glocking

Figure 3-2 MEMS actuators (from [3.18]); a) electrostatic comb drive, b) thermal 'hot'-arm actuator.

3.1.3 Alignment

Passive mechanical alignment methods for holding optical fibres have been developed using
wet-etched V-grooves in combination with boron doped Si [3.19] or Si3Ny [3.20] springs.
Using complementary pits and raised structures, wafers have been stacked onto each other
with sub-micron accuracy [3.21]. This technique has been used to form spacer chips (see e.g.
[3.22]) and alignment benches for cylindrical glass capillaries [3.23]. These structures are
possible because strong bases like KOH exhibit orientation-dependent etch characteristics in

silicon [3.1, 24]. {111} planes etch much less quickly than {100} or {110} planes and this
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allows the creation of slanted features. Masking material for a KOH etch include thermally
grown SiO,, which etches slowly, or Si3Ny4, which is virtually untouched. For a (100) oriented
Si wafer, which is often used in MEMS, the {111} planes make an angle 6 with the wafer
plane, where tan(6) = V 2, that is @ = 54.74°. Therefore, when a square opening aligned to the
primary flat of the (100) wafer is etched with KOH, an inverse pyramidal structure (a V-
groove) is revealed, with the {111} planes forming the slanting angle. This is illustrated in
Figure 3-3a. Figure 3-3b and ¢ show SEMS highlighting applications of these structures as
passive alignment mechanisms. The former shows a groove with overhanging silicon nitride
springs that are used to guide and fix an optical fibre while the latter shows complementary

groove and rail used to align two silicon parts.

Etched Si ) .
- groove -V groove

i Signal A = SE1
EHT=1500k/ WD= 40mm  Photo No.=4087

.’.

Figure 3-3 a) Illustration of crystal-plane orientation. b) Etched Si V-grooves combined with silicon nitride
mechanical springs for aligning and fixing optical fibres [3.20]. ¢) Spacer chip formed by a matching teeth and

grooves in single crystal silicon[3.22].
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3.1.4 Outline of this chapter

In this chapter, the different elements above are integrated into a miniature silicon pCP
engine. The device layout and fabrication is described and prototypes are characterised.
Although the design is initially intended to be electrostatically driven, pCP has only reliably
been achieved by manually deflecting the print head. In this chapter, for clarity, the emphasis
is on the mechanical design and characterisation, whilst the electrostatic operation is analysed
in detail in Chapter 4. The prototype devices are formed in both BSOI and single crystal
(100) Si with an overall device size of c.a. 10 mm X 10 mm and a print area of c.a. 5 mm X 5
mm. Manually actuated pCP of hexadecanethiol (HDT) is carried out and the results,

including multi level printing, are presented.

3.2 Concept and Design

3.2.1 Concept

Features that are required for uCP, such as flexure suspension, an actuation mechanism, and
alignment features, as well as a hard backed soft stamp, are all combined into a silicon chip
measuring c.a. 10 mm X 10 mm with an overall print area is c.a. 5 mm x 5 mm. The device
could be made in BSOI or single crystal Si. The printing chip consists of a print head
(carrying a PDMS stamp) attached to a rigid supporting frame via a suitable elastic flexure
(which could be “thin” Si). The rigid frame would provide mechanical stability and contain
the alignment features that would mate with corresponding features on a substrate. The elastic
suspension would allow controlled out of plane deflection of the print head towards the
substrate (Au typically). The PDMS pattern on the chip would be inked the usual way (see

e.g. [3.25]), registered to the substrate using the alignment marks, deflected downwards to
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make contact, and then retracted. Thus, all the pCP features are self contained within the chip

and the substrate.

3.2.2 Self-alignment

Passive alignment features, such as U-grooves formed by DRIE and optical fibres (a), or V-
grooves and rails formed by anisotropic wet chemical etching (b), have been used previously

for electrical [3.22] or optical [3.26]connectors.

Figure 3-4 Self Alignment: a) U-grooves and fibre. b) V-grooves and rail

In the case of U-grooves and fibres, the grooves on both the engine and the substrate can be
fabricated by DRIE. The optical fibre of diameter, d, (which also provides electrical

insulation) and the groove width, wg, determine the flying height, 5o as:

s = d [1- ()’ G

For example, with wg = 120pm, and single-mode fibres with d = 125um, so = 35um. Smaller
separations are harder to achieve due to the limited availability of fibre diameters and due to

high sensitivity to the groove width (Oso/0wg—0 as s,—0).
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Rails formed by crystal plane etching (b) provide a slanting surface with constant slope, 6,
and may be more appropriate for small separations, although they restrict the substrate to
crystalline Si. Additional insulation layers can be grown if required. The flying height is

determined from the etch depth d as:

(3.2)

1
s,=d,- (E(WG— w,) tan H)
Here @1is the angle between the (100) and (111) planes, and tan(6) = V2. In this case, small

separations may be achieved provided dr may be suitably controlled.

3.2.3 Flexure — Elastic Suspension

Fixed-guided springs (see e.g. [3.27]) are used to enable out of plane translation. Each spring
is fixed at one end (the end connected to the frame of the engine) while the other “guided”
end is attached to the movable print head. With a symmetric design as in a, other

displacement modes such as lateral in plane translation, is minimized.

Anchor —\\\ Clamped  Guided

Guided Fixed ws
# i *F/Z
N . A\
§ Print Head §

e
rings Clamped Guided
e *F/Z &F/z
AN

Figure 3-5 Elastic Suspension: a) Overall chip. b) Individual Springs
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Each spring is implemented by the structure shown in b. It consists of four beams of length
Ls, width wg and thickness 5 on each side of a square print head of dimension wy. Within
each set, the bars are arranged in two pairs, connected by a rigid link bar of length w;. The
stiffness of this arrangement is simple to estimate. Deflection will arise from a combination
of bending and torsion. Provided the material is linear, and the effects of bending and torsion
do not interact, the deflections may be found separately and summed [3.27, 28]. For example,

through bending alone, each bar will deflect as a clamped-guided beam with stiffness [3.29]:

12EIs (3.3)
Lla = 3
LS

Here E is the Young’s modulus of the beam material, and /s is the second moment of area of
the cross-section, given by Is = wsts'/12. Each set of four bars is arranged as a series-parallel
combination, so their total stiffness is again k;;,. For all four springs together, the combined

stiffness is k;, = 4k ;,.

The contribution of torsion to deflection may be found in a similar way. For a rectangular

section measuring ws = 2a by ts = 2b, and for a > b, the torsion constant is [3.29]:

16 b b* (3.4)
kr = ab3{?— 336(2) [1-12a4]}

The torque 7 required to twist one bar through an angle a is 7= Gkr a/Ls, where G is the

shear modulus of the beam material. If the torque is generated by a force F' at a distance wy,
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we may write F'= T/w;, and if the twist due to F results in a linear displacement As we may

put o = As/wy. The effective linear stiffness arising from the twist is then:

F_ Gky (3.5)
As  Lgw?

ki =
In torsion, all bars act in parallel, so the total stiffness is kz, =16k . If bending and torsion

are considered together, the overall stiffness 4z can be found from:

1 11 (3.6)

Because of the dependence on k;; on the link bar length w;, the relative contributions of

bending and torsion to deflection can vary, and if wy, is sufficiently large, torsion dominates.

For Si(100), Young’s modulus £ = 130x 10° N/m?* and a shear modulus of G = 79x10°N/m*
are assumed [3.30]. Using design values of wg=100 pum, Lg= 1.6 mm, and a link bar length
wr = 1.0 mm, and a typical suspension thickness of £ = 80 um, an overall spring constant of
kr = 3.4 mN/pm is obtained using equations (3.3-3.6). FEA of the spring structure of Figure
3-5b was carried out using Abaqus 6.8-1 to verify these basic conclusions, and it was found
that the estimated stiffness was higher than the simulated value by around 40%, presumably
due to neglect of link bar deformation. In addition, for deflections of up to the 100 pm, the

value of k; remained unchanged within 10 %, as illustrated in Figure 3-6.
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Figure 3-6 Variation of system stiffness with displacement

3.2.4 Print head

The print head influences mainly three aspects of operation: static sag (i.e. the deflection of
the head when no load is applied due to its weight), stiction to the substrate after contact, and
dynamic oscillations. For a block of thickness zsy5 (Which is =500um) and area 4, and formed
in a material of density p, the static sag, Asy, is given by Asg= Atsyppg/kr, where g =9.81 ms’
2. The variation of As, for different values of k; is verified by plotting As, against wg for
different values of #s. This is illustrated in Figure 3-7a, and clearly, for wg> 50 pm, the static

sag is sub-micron and negligible.

The print head, which essentially a proof mass is held by a spring may oscillate during
actuation or retraction. The resonant frequency for the primary linear mode is given by f) =
12n(ky/ ptSUBA)l/ 2. The variation of fj with spring dimensions is illustrated in b, and lies in the

kHz range, and should not interfere with the device when it is driven at dc.
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Figure 3-7 Variation of a) static sag, b) resonant frequency, with spring dimensions.

After contacting the substrate, the print head may not retract if the spring is not stiff enough
to overcome the adhesion at the surface. This stiction problem is common in micromachining
and has led to methods for determination of the work of adhesion in microstructures [3.31,
32]. Assuming that the fraction of the stamp (of area A) that is patterned is f, the work
required to detach the stamp is fx4AxW, where W is the work of adhesion. Hence, for stamp
retraction, the elastic energy stored in the suspension needs to be greater, that is: kzs)%/2 >

RAXT.

For a print head carrying a PDMS stamp, the relevant value of /¥ to use is that of PDMS on
gold (which is the typical substrate) which is equal to 0.5 J/m*[3.33]. Assuming /=1, and
using 4 =5 mm % 5 mm, and sy = 60 pm, the lower limit on the spring stiffness is: k; > 6.94

mN/um. This is easily achieved since, in practice, f will be much less than unity.
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Figure 3-8 Print head deflection and retraction

3.2.5 PDMS Stamp

PDMS, under the commercial brand of Sylgard 184, is the elastomer usually used in pCP
printing. It is, however, quite porous and tends to swell when exposed to a number of
solvents, and can sustain temperatures of up to 200°C only [3.34], making it incompatible

with a number of MEMS fabrication steps.

To circumvent this, the approach adopted here is to deposit the PDMS layer at the end of the
MEMS fabrication using the method developed in Chapter 2. The silicon print head will carry
raised features (=<10um), which are formed by conventional lithography followed by DRIE.
These are then conformally spray coated. Apart from successful process integration, this
approach provides a relatively thin elastomer layer on a rigid substrate, which has been

shown to reduce stamp distortion in pCP [3.35].

3.2.6 Actuation

A number of actuation mechanisms (e.g. manual, pneumatic, electrostatic or piezoelectric)
can be used in combination with the above described prototype. The easiest and simplest

method is manual, which does not restrict the choice of substrate but may result in
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uncontrolled printing. Pneumatic systems, although substrate independent, would require a
reliable seal to a plenum chamber above the stamper. Piezoelectric would require specialized
materials and would over-complicate the device fabrication. Electrostatic actuation does

require conducting electrodes, but this inherent in the alkanethiol-gold system anyway.

The prototype devices were designed with both manual and electrostatic drives in mind.
However, the latter approach is problematic and is discussed in the next chapter. A parameter

2 Fora

worth noting, however, is the pull-in voltage (Vp;) given by Vp; = (8k.s0°/27 £,4)
varactor separated by an air gap, Vp; represents the drive voltage at which the stamp would
contact the substrate, and should be kept as low as possible. The pull-in voltage varies as ke,

and as Vs;® and these relationships impose upper bounds on the stiffness of the device and the

flying height.

3.2.7 Prototype layout and operation

The layout of the prototype printing engine is illustrated in Figure 3-9a. Each device contains
a print head carrying a raised pattern and supported on an elastic suspension allowing out-of-
plane deflection. The engine’s surround is grooved to mate with a rail pattern arranged on a
grid. The device may easily be constructed in single crystal silicon or BSOI. Parts requiring
mechanical strength (the print head and surround) are formed in the substrate and flexible
parts (the suspension) in a thinner layer. The stamp pattern itself is ideally formed in or
coated with PDMS. Figure 3-9b shows the operation. After coating the stamp with
alkanethiol, the engine is placed over a substrate containing compatible alignment features
that define its position, parallelism and height s9. The head is deflected down to print, and

finally retracted.

110



Chapter 3 Silicon uCP engine

Grooved substrate

b)

Figure 3-9 a) Plan and b) section view of a silicon pCP engine, showing alignment and deflection.
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3.3 Fabrication

The materials and processes used for wafer scale fabrication of the prototype pCP engine are
described in this Section. The process has been developed for both single-crystal silicon and
BSOIL. Bare silicon is obviously preferable on the grounds of cost. However, BSOI allows
accurate definition of the thickness ¢ of the elastic layer (here, 80 um) and hence more
controllable operation. In each case, 100 mm diameter (100) orientated wafers were used.
BSOI wafers were obtained from Icemos, Belfast, UK with a bonded layer thickness of 80
um and a buried oxide thickness of 2 um. Prototypes were constructed with the layout of
Figure 3-9a, an overall die size of 10 mm % 10 mm and the dimensional parameters described
in Section 3.2. Two different device stiffnesses per wafer were obtained by setting wg to 100

pm and 200 um on different dies. Each wafer contained 36 devices.

3.3.1 Process Flow

Figure 3-10 shows the process flow for single crystal silicon and detailed process parameters
are given in Table 3-1. The rear side of the substrate was first patterned with positive resist to
define the elastic suspension and snap out groove, and this pattern was transferred to a set
depth (400 um etch depth for 5= 150 um) by deep reactive ion etching (step 1). Etching is
carried out using a Surface Technology Systems inductively coupled plasma etcher, using a
cyclic etching process based on SF¢ and C4Fg [3.36]. The resist was then stripped and the rear
side was coated with 10 um thick electroplated Ni (not shown). This metal layer strengthens
the wafer, acts as etch stop, and maintains a hermetic seal during the subsequent through-etch
from the front side. This is not required in BSOI wafers as the oxide layer plays this role. The
front side was then patterned to define the stamp pattern, using a through-wafer mask-aligner

(Quintel IR 4000). However, front-to-back alignment is not critical. The stamp pattern is
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formed by optical exposure of 2 um thickness of SU-8 2002 epoxy photoresist (Microchem)
[3.37], followed by further 10 um deep reactive ion etching (step 2). The front side was then
patterned to define the elastic suspension and alignment grooves. Registration of the two
front-side patterns is important, since it defines the relative position of the stamp and the
alignment grooves (step 3). This final pattern is transferred down by DRIE to meet the
original back-etch. Remaining resist and the etch stop layer (Ni for single crystal or oxide for
BSOI) are then removed and 300 A Cr and 1000 A of Au is sputtered over the rear of the
wafer for electrical contact (step 4). Individual engines are removed for use by breaking small
silicon tabs (step 5). To allow the adsorption of alkanethiols, the stamp is spray coated with

PDMS through a stencil (step 6), as described in Chapter 2.

1. Pattern; DRIE Thick resist  Elastic suspension

2. Pattern, shallow RIE SU-8 resist Stamper pattern

3. Pattern, DRIE Thick resist Alignment feature

T g

4. Metallise Cr/Au Snap-out groove A

5. Snap out

PDMS coating

6. Spray coat

Figure 3-10 Process flow for nCP engine. Main steps are: elastic suspension patterning, stamper features formation,

alignment groove and snap out tab etching, die release, and PDMS coating.
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Si pCP engine
Fabrication Sub-steps Parameters
step
1. Rear side Lithography 8 um - AZ9260, 8 um thick, Spinl : 500rpm, 5000rpm/s, 10 s,
Patterning Spin2: 2000rpm, 5000rpm/s, 40 s

2. Front side
Stamper
Patterns

3. Front side
Elastic
Suspension

4.Metallise
Rear side

5. Snap out

6. PDMS Spray
coating

DRIE 400 pum (STS
ICP)

Resist Strip

Nickel plating: 10
pm

(skip for BSOI
version)

Lithography 1.8 pm

DRIE 10 pm

Lithography 8 um

DRIE

Resist strip

Nickel layer strip
(Rear side)

Sputter coating
(Nordiko)

3 um thick PDMS

- Softbake: 100 C (HP) - 2 min

- Exposure 600 mJ/cm®

- Develop :AZ400K:DI 1:4 (5 min)

- Postbake: 120 °C (HP) — 2 min

- Recipe: LCD1 (stored on STS system)

- Duration: 170 min

1165 @ 70 C immersion (30 min). DI rinse

O, plasma clean:

- Sputter seed layer: 30 nm Cr/ 200 nm Cu

- Solution: Nickel Sulphamate (Ni(SO3NH2)2.nH20), 65%,
3.45L; Nickel Chloride,50g; Boric Acid, 350g; DI water,
10L

- Bath temperature: 50 C, Plating current: 300 mA

- Plating time: 90 min

- SU8 2002, 1.8 um, Spinl: 500rpm/ 100rpms™'/5s. spin 2:
1000rpm/ 200rpms™'/60s

- Softbake: 65 C (HP) - 1 min, 90 C (HP) — 2 min

- Exposure 500 mJ/cm’

_Post exposure bake: 50 °C (HP) — 1min, 75C (HP) — 5min,
allow to cool down to <40 °C (HP).

- Develop :EC Solvent (5 min), then IPA rinse

- Recipe: LCD1 (stored on STS system)

- Duration: 7 min

Same as lithography of step 1.

- Etch through to metal layer 200 um (For BSOI etch to
oxide layer)
- Recipe: LCD1, Duration: 80 min

1165 @ 70 C immersion (30 min). DI rinse
O, plasma clean:

- Ni etchant, immersion (10 min)
- Cr etchant immersion (2 min)

- 30 nm Cr (adhesion)
- 100 nm Au

- Manually break tabs to release dies ~ 100% yield

Fluid 20Cs diluted PDMS. Driving pressure: 60 psi. Chuck
rotation: 600 rpm. Chuck temperature: 25 C. Separation : 50
mm. Spray duration: 10 s

Table 3-1 Process parameters for Si pCP engine
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3.3.2 Prototype Devices

Prototype devices are shown here. Figure 3-11a shows the rear side of a completed 100mm
wafer. The wafer is strong enough to handle provided the print heads are not subjected to
excessive shock. Figure 3-11b shows a detached device mounted on an etched rail system
(described in Figure 3-4b). Figure 3-11c shows a SEM view of the front side of the device.
The parallel lines are ~12um tall with widths as small as 2pm. Figure 3-11d shows the rear of

the device. The waffle pattern is to reduce mass and hence shock sensitivity.

Alignment
<—rails —

Signal A=SE1  Date :12 Feb 2008 Signal A=SE1  Date ;12 Feb 2008
EHT=3000kV WD= 49mm Photo No. = 4950 Time :17:01:28 EHT=3000kV WD= 236 mm Photo No. = 4954 Time :17:01:28

d)

Figure 3-11 Optical image of finished device (single crystal Si)) a) in a whole wafer, b) after detaching and aligning

on machined target substrate. SEM images of c) bottom view, d) top of device.
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3.4 Mechanical characterisation

3.4.1 Measurement of stiffness

Mechanical characterisation was performed by placing calibrated weights on the print head
and measuring the relative vertical deflection. This was done by using an optical microscope
equipped with a Mitutoyo height gauge. The stiff single crystal devices (zs= 160 pm)
required heavy loads to obtain any detectable deflection and could not be characterised using
this method as heavy weights would not fit in the gap between the objective and the device.
The deflection-load characteristics of the BSOI device (¢5 = 80 um) for different ws, 100 pm
and 200 pm, are shown in Figure 3-12 and the stiffnesses (k) are obtained from the inverse
slopes as 1.6 mN/um and 2.6 mN/um. The simplified model of Section 3.2.3, i.e. equations
(3.3-3.6), overestimate these values by 52% and 68% respectively. This is consistent with the

FEA of Section 3.2.3 which predicts a lower stiffness due to bending of the link bar.

Deflection (um)

0 50 100 150 200
Force (mN)

Figure 3-12 Load deflection characteristic for BSOI devices
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3.4.2 Manually actuated pCP

Micro-contact printing was carried out using 0.5 mM HDT solution (see Appendix A for
detailed procedure). Stamps were coated with ink using a brush and then blown dry in N,.
Pattern transfer was achieved by contacting the inked stamp to Si surfaces coated with 30 nm
Au for around 1 minute, and stamps were cleaned of ink residues between prints using
ethanol. Patterns were transferred into the gold, by etching exposed Au. The print quality is
not currently uniform over the full area of the stamp. Pits as well as broken lines have been
observed. This can be attributed to the PDMS spray coating process which involves jet break-
up into discrete droplets. An SEM of a spray coated stamp pattern is shown in Figure 3-13

and distinct droplets are clearly visible.

No 15 it 50 degree

Signal A= SE1 Date :12 Feb 2008
EHT=30.00kV WD= 23mm Photo MNo. = 4941 Time :17:01:28

Figure 3-13 Stamp pattern with SU-8 photoresist and Si after PDMS spray coating.

Manually actuated printing was performed using bare silicon devices, since their suspensions
were more robust. Inked print engines were placed on a gold-coated substrate carrying a pair
of etched alignment rails, as shown in Figure 3-4b and Figure 3-11b, and a pair of tweezers

was used to deflect the print head down to the substrate. The printed pattern was revealed by

etching away the uncovered Au using the protocol described in Appendix A. Single-layer
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printing was demonstrated first. SEM imaging was used to verify pattern transfer. Sum and

10um lines were reliably and uniformly imaged, as illustrated in Figure 3-14.

Multilayer printing was then demonstrated. Figure 3-15 shows patterns formed by printing
once, rotating the print engine through 90°, replacing it on the rail and printing a second time.
Here, lines of width down to 2 um have been transferred, although there is some
fragmentation of narrow lines attributed to poor stamp quality. The increased pattern width at
line intersections is evidence of ink diffusion. Large area patterning, >3mmx>3mm, is
illustrated in Figure 3-15d. To demonstrate aligned printing, which really requires two stamps
with complementary patterns, a single stamp was used. A first imprint was made, the stamp
was then shifted laterally by =~ 1 mm, and a second imprint was made. The combined pattern
was then transferred into the gold by etching away the uncontacted metal using a cyanide
based etchant (see Appendix A). Figure 3-16 shows the result. The boundary between the
two imprints lies in the centre of the figure. The quality of the second print is unfortunately

low, but the overlay error is extremely small.
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3.5 Discussion

MEMS technology has been used to construct a pCP engine combining a print head, a
pattern, a mechanical alignment system and a flexure suspension. Although work remains to
be done to improve pattern quality, it is clear that pCP using a MEMS printing engine is a
viable solution. In manual operation, once the device (and corresponding substrate) is

fabricated, no additional equipment is required for multilevel patterning.

As for high resolution, it definitely possible to reduce the line width of the underlying Si
structure using techniques such as electron beam lithography (see e.g. [3.1]), but an
interesting question is the minimum size definable using the spray coating process.
Furthermore, statistical analysis of the overlay accuracy would quantify the capability for

multilevel printing, and this requires suitable complementary patterns.

Signal A=QBSD  Date :30 Oct 2008 Signal A= QBSD  Date :30 Oct 2008
EHT=2000kv  WD= 21mm Photo No. = 9085 Time :17:56:48 — EHT=2000kv  WD= 21 mm Photo No. = 9087  Time :17:56:48

Figure 3-14 SEM of patterned Sum and 10pm Au lines on Si (dark: Si, pale: Au)
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Signal A = SE1 Date :27 Nov 2008 Signal A = SE1 Date :27 Nov 2008
EHT=2000kvV  WD= 12mm PhotoNo.= 9716  Time :13:37:19 — EHT=2000kvV  WD= 11mm Photo No. = 9718  Time :13:37:19

Signal A = SE1 Date :27 Nov 2008

Signal A = SE1 Date :27 Nov 2008
EHT=2000kVv WD= 12mm Photo No. =9722  Time :13:37:19

EHT=20.00kv  WD= 12mm Photo No. = 9714 Time :13:37:19

c)
Figure 3-15 SEM images of Au (bright) patterns on Si (dark) formed aligned pCP and etching showing a)
intersections of 10um and 2pm lines b) intersections of 10pum and 10pm lines c) intersecting decreasing line widths

from 10pm to 2pm. d) large area > 3mm x3mm patterning.

Date :21 Nov 2008
EHT=20.00kV  WD= 10mm Photo Time :16:12:56

Figure 3-16 Alignment accuracy of overlaid patterns (dark: Si, pale: Au). A first print is made, the stamp shifted
laterally by a few mm, and a second print made. The combined print is revealed by etching away the uncovered Au.

The left side of the image shows the region printed twice whilst the right side shows the region printed only once.
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4 Electrostatically driven nCP

In this Chapter, electrostatic actuation of the silicon pCP engines designed in Chapter 3 is
investigated. Electrostatic actuation is conceptually simple to implement in this case as the
system already includes a pair of parallel electrodes (the Si print head and the Au substrate).
In practice, the voltages required are so high that electric discharge occurs. Electrostatically

actuated puCP has been demonstrated but remains very problematic.

This chapter is organised as follows: 1) the electromechanical model of the Si engine is
presented and analysed; 2) experimental characterisation is carried out and evidence of
electrostatic discharge is presented; 3) discharge mechanisms are briefly discussed and
further experimental data is presented; 4) a method of circumventing discharge is presented;
5) a simple experiment using a low stiffness membrane is used to show that electrostatic
actuation can be used for uCP, i.e. the electric fields do not interfere with the SAM
formation; 6) finally, a guideline for using the method in 4) is formulated. Concluding

remarks and summary are presented at the end.

4.1 Silicon nCP engine as a parallel plate electrostatic

actuator

4.1.1 Model

The arrangement of Figure 4-1a is electrically equivalent to a parallel plate capacitor with one
fixed and one mobile plate. In steady state operation, the mechanical behaviour of the mobile

plate can be modelled by a spring (Figure 4-1b).

123



Chapter 4 Electrostatic pCP

g (] amr kL
+
So € i
Vs
substrate b)

Figure 4-1 a) Electrostatic operation of Si pCP engine, b) Equivalent electro-mechanical model.

The initial separation between the plates is approximated to the flying height, sy, and neglects
the raised features and the PDMS coating. This assumption may be inaccurate as sy is
reduced, but simplifies the analysis. The analysis of such structures is well documented (see
e.g. [4.1]) and an important aspect is the pull-in voltage, V;, which denotes the voltage at
which the electrostatic force overcomes the elastic force resulting in the upper plate snapping

down.

4.1.2 Pull-in in a simple parallel plate actuator

When the upper plate is displaced from the initial position sy such that the new gap is s, the
elastic restoring force, Fj.gic, €xerted by the spring of stiffness &; is: (taking upwards

displacement/forces to be positive)

Feastic = ki (So —s) 4.1)

In the electrical domain, the energy stored in the capacitor is

U =3CV? where ¢ =2
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And hence the electrostatic force is given by:

a(U)

F L =7
electrostatic
ds

oz (4.2)

— 2
Felectrostatic - EVS

At equilibrium, the net force is equal to zero so:

Ferectrostatic T Fetastic = 0

ggAV,?

52 ky(so—s) (4.3)

. . . A 2
Introducing the normalised force variable n = ;‘;{ %

. . S
L and normalised displacement o = =
L0 0

and rearranging yields:

n=o0%-03 4.4)

For low 5 Equation (4.4) has three solutions, of which only the largest is physically realisable
and the variation of ¢ with # for the two positive solutions is shown in Figure 4-2. At a
critical value, ¢, these two roots are repeated and equation (4.4) reduces to (¢ —a)*(c —8) = 0.
By equating and expanding coefficients, o = 2/3, f =-1/3, and .= o’f=4/27.

Denormalising, pull-in therefore occurs when:

S¢=— 4.5)

and
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v 8k, s3
PL™ [27¢,A

(4.6)

For uCP, a low Vp; is required so that contact can be easily achieved, and hence, 4 and sy

must be kept as small as possible.

1.0 ] :
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] solution
0.8 7] .- .
Critical separation
0.6 A
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0.4 7 o
] e down
. -'/’
0.2 7] '_,-/" Secondary
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0.0 - . . .
0.00 0.05 0.10 0.15 0.20
n a)

Figure 4-2 Variation or normalised separation ¢ with normalised electrostatic force n

4.2 Electrostatic actuation

4.2.1 Characterisation

Electrostatic operation was quantified by placing a print engine at a calibrated height above a

gold coated substrate and applying a voltage between the two as illustrated in Figure 4-1a.

Vertical deflections were measured using an optical microscope fitted with a Mitutoyo height

gauge. The initial flying height was set using 125 pm thick single mode optical fibres and

machined substrate (as shown in Figure 4-1a), or by using thin (25 - 50 pm) insulating Mylar

and Kapton PI films with a flat Au coated substrate. Electrical contact to the frame of the

print engine was achieved by using a micromanipulator. The arrangement with PI spacers is
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shown in Figure 4-3. Both floppy devices (BSOI) with &, =~ 1.6mN/um, and rugged devices

(single crystal Si) with &, = 30mN/pum, were characterised.

Microscope
objective

PI

spacer.
Au coated
substrate

engine

Figure 4-3 Electrical characterisation of pCP engine using PI spacers

The variation of separation, s, with applied voltage, Vs, was measured and the results are
illustrated in Figure 4-4. Qualitatively, the results agree with Figure 4-2. However, for the
BSOI devices, pull-in occurs at Vp; =370 V, instead of Vp; = 690 V as predicted by Equation
4.6, suggesting that the print head may have tilted as it deflected. For stiff devices, the initial
separation was reduced to 25 um to minimise the operating voltages. Even then, V=800 V
and dc discharge occurred during actuation. Apart from observing sparks across the gap,
examination of the Au substrate after the experiment revealed that the Au seemed to have
been eroded (Figure 4-5), and the damaged substrate to roughly correspond to the proud

features on the stamp, which act as field concentrators.
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Figure 4-4 Experimental voltage-deflection characteristics of different devices

Figure 4-5 Optical image showing damage to substrate due to discharge.

4.2.2 Electrostatically driven nCP

To enable uCP, the discharge problem needs to be mitigated. Interesting effects were
observed when the operating voltages were too high. After imposing the voltage, the print
head was observed to deflect towards the substrate until a discharge initiated. At this point,
the print head retracted, and this cycle was repeated with a period of a few seconds, which
was presumably determined by the electrical RC time constant rather than a mechanical time

constant.
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Some successful pCP was achieved by using low &, devices and small gaps s9. Low spacing
were achieved by using 25 pm PI spacer, and by gently placing a small weight (5 g -8 g) on

top of the print head to reduce the flying height even further to = 10 um.

In one attempt, a device with &7 = 30 mN/um and = 8 pum tall relief features was inked with
HDT using the usual procedure (Appendix A) and dried and set up as above. The driving
circuit containing a 200 MQ current limiting resistor was used to apply a step input of 600 V.
Current flow in the circuit indicated that capacitor was conducting some current, and
therefore, contact had been made. Visual examination of the substrate revealed that some
discharge had occurred, but after etching, some faint patterns were also observed, indicating

that some monolayer formation had occurred (see Figure 4-6).

Signal A=QBSD  Date :9 Nov 2008
EHT=20.00kv WD= 25mm Photo No. = 9227  Time :22:57:32

Figure 4-6 Electrostatically actuated contact, showing discharge damage and faint pattern transfer

In another experiment, floppy BSOI devices (k; = 1.6 mN/um) with relatively shallow (4 um)
relief structures were used. A series 200 MQ current limiting resistor and a 5 nF dc blocking
capacitor were included. The series capacitor increases the pull-in voltage slightly, as will be

explained in Section 4.3.2. After few electrostatic tests with this device, the PDMS layer was
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found not to absorb ink and print uniformly. This is attributed to possible damage caused to
the polymer by electric discharge combined with the non-uniform spray coating process.
Hence, exceptionally, rather than thoroughly drying the stamp after inking (as described in
Appendix A), it was left slightly wet. The print engine was then placed on spacers, and
weights (= 6g) were added to reduce the gap. A step input of 600 V was applied, then Vs was
dropped to 200 V and maintained for 1 min. No discharge damage was observed in that case,
and after etching, Au patterns were observed (see Figure 4-7). The pattern quality over the
printed area varied significantly, presumably because of the non homogeneous ink
distribution. In Figure 4-7a, ink is clearly transferred in the non-relief regions, line width
resolution is poor, and comet-like marks emanate from the lines. Figure 4-7b shows a
different part of the same print. Here, ink transfer is confined to the relief features, but
dentritic features now emanate from the sides of the lines. These artefacts could be due to ink
ejection during snap-down or to field-driven ink migration. The former is more likely given

the macroscopic amounts of ink present on the stamp.

Signal A=QBSD  Date :13 Nov 2008 Signal A=QBSD  Date :20 Nov 2008
EHT=2000kvV WD= 12mm Photo No. = 9350  Time :18:35:12 }_‘ EHT=20.00kV ~WD= 14mm Photo No. = 9583  Time :15:40:57

a) b)
Figure 4-7 SEM images of electrostatically actuated pnCP showing a) ink transfer in non relief regions, b) dentritic

features emanating from each side of the lines (image rotated compared to (a)).
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4.2.3 Discussion: Electrostatic nCP

The high operating voltages are problematic and prevent the successful pCP with an

electrostatic drive. Although voltages have been minimised by using the smallest possible
values of &; and s, discharge and other field induced effects still prevent successful pCP.
Whilst the results obtained indicate that electrostatically driven pCP is possible, there are

concerns regarding the experimental technique and the repeatability.

A key problem is the addition of weights to reduce initial gap. The increase in mass increases
the sensitivity to mechanical noise and it is possible that the induced vibration interfered with

the electrostatic operation, especially at such small gaps.

Another problem is co-planarity of the two electrodes; achieving a gap of = 10 um over
lengths of > 5 mm is challenging, if not impossible, given the manual assembly, and strong
variations in the electric field are expected. This field inhomogeneity is made worse with the

presence of raised features, which are no longer negligible compared to the flying height.

Lastly, once contact is made, the applied voltage, Vs, appears across a thin (a few um thick)
insulating polymer material, and there is a possibility that this material may break down as

well.

In summary these experimental findings show that Vp;needs to be kept small by adjusting the

parameters that appear in equation 4.6. A key question, however, is the maximum voltage

that an air gap can support, and this is addressed in the next section.
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4.3 Overcoming electrical discharge

In this section, a brief discussion of electrical discharge is presented and an empirical
breakdown voltage-gap spacing characteristic curve is presented. The use of a series
capacitor to avoid breakdown in an electromechanical system like Figure 4-1b is then

analysed, and, finally, upper limits to the stiffness are calculated.

4.3.1 Electrical discharge

Dielectric breakdown can be initiated by avalanche ionisation or vapour arc [4.2]. The
former was initially described by Paschen and Townsend and typically occurs in a gaseous
environment, whilst the latter occurs in vacuum gaps. According to the Paschen model, at
small gap distances, there is only a small number of mean free paths for electrons, and hence
the voltage required for breakdown increases rapidly. However, at small gaps, vapour arc,
rather than avalanche ionisation, becomes the dominant breakdown mechanism. Vapour arc
breakdown arises from a high localised field emission current density heating a small surface
feature until it explosively vaporises and creates a conductive path between the electrodes
and initiates a breakdown. In [4.2], Strong et al. review published experimental work on the
subject and present graphs of breakdown voltage against separation from various articles, and
in a previous work [4.3], the same authors propose a modified Paschen curve that combines
both vapour arcing and avalanche ionisation. This is illustrated in Figure 4-8. Another
publication [4.4] presents data for plane-to-plane and comb drive devices and their results
confirm that silicon-to-metal, but not silicon-to-silicon, electrodes agree with Figure 4-8. In
addition, they report that similar damage to the metal electrode where the metal appears to
have evaporated, leaving behind 2-4 um wide craters. This is consistent with our results

except that discharge in case appears to occur at higher gaps and voltages, and the size of the
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craters are bigger. These differences are attributed to the proud features of the stamp, which

act as field concentrators.

500¢ / ]
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Figure 4-8 Modified Paschen curve combining avalanche ionisation with vapour arc [4.3] at atmospheric pressure

4.3.2 Reducing voltages across the air gap

For pCP, it is desirable that the movable electrode contacts the fixed electrode at a small
voltage. Hence, the pull-in voltage needs to be small and this can be set by minimising the
values of the geometrical parameters in equation 4.6. An alternative method is to include a
series capacitor to distribute the applied voltage across two components rather than across a

single air gap.

External series capacitor

Most MEMS electrostatic devices, except for those in [4.5], are designed to operate in their
stable regions and methods have been devised to increase the stable range (see e.g. [4.6, 7]).

These methods include the addition of an external capacitor, C;, in series with the MEMS
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varactor. As will be shown in the analysis, the downside of this method is an increase in pull-

in voltage, and this issue is exacerbated by parasitic capacitances.

substrate

Figure 4-9 Electro-mechanical model with series C1

The electro-mechanical model is illustrated in Figure 4-9 and the analysis is similar to
Section 4.1.2 except that the voltage across the air gap, V,, is now a fraction of Vs by
potential division. The capacitance at the initial gap is given by Cy = €94/sy and the
capacitance at a gap, s, can be expressed as C = Cysy/s. following Chan et al. [4.7], C; is
defined as Cy/n, where 7 is a unitless. The electrostatic force therefore becomes Frocrrostatic = -

V.2epd/2s’. Replacing this expression into equation 4.3, introducing the normalised force

£0AVE . . s . .
“— and normalised displacement 0 = — , and rearranging yields:

variable n =
n 2kps3’ So

n=(c+n)?—o(c+n)?
4.7)
=(1-0)(o +n)?

As before, equation (4.7) has three solutions, of which only the largest is physically

realisable, and at the pull-in point, it reduces to (o —a)*(c —8) = 0. By expanding and matching
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coefficients, a = (2-n)/3, f = -(1+4n)/3, and 5= 4(1+n)*/27, and. Denormalising, pull-in

occurs when:

_ 27 (4.8)

and

8k, s3(1+n)3
= f— 4.9
Ver 270/ *+2)

3 2, but the stable

Vpr, the value of the source voltage at pull-in, unfavourably scales as (1+n)
travel range can now be extended; e.g., when n =2, s¢ = 0, implying that the movable
electrode can travel across the entire gap without snapping down. Also, the voltage across the
air gap is now a fraction of the total applied voltage and is equal to V, = V/(1+s/s), although
Vs itself is higher. Capacitive stabilisation increases the voltage required to make contact but

also distributes energy across two capacitors rather than across a single air gap. Moreover, as

the gap decreases, s — 0, V, — 0, and there may therefore be benefits to this approach.
However, there are additional parasitic capacitances, C>, that appear between the actuator and

the substrate due to the frame, as illustrated in Figure 4-10. C, appears in parallel with the

actuator capacitance, C, and reduces the actuator voltage even further.
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Print head

R

substrate

Figure 4-10 Introduction of C; implies that parasitic capacitance, C,, between the frame of the actuator and the

substrate, starts to influence the operation.

Following Chan et al. [4.7] the capacitor values are defined in terms of Cy as C = Cysy/s, C; =
Cy/n, and C,= Cy/m where n and m are unitless. By potential division, V, /V;=
C1/(C+C,+C), and the electrostatic force acting on the electrode can be expressed as
Folectrostatic = -Vs2 (e0A/ 2s2)(s/ ((1+n/m)s+ns0))2. Replacing this expression into equation 4.3,

2

. . . . EpAV,
introducing the normalised force variable n = 2‘;{ .

. . N
3 and normalised displacement o = =
L>0 0

letting y = 1+n/m, and rearranging yields:

n=(1-0)(oy +n)? (4.10)

Substituting n’ = n/y, and 5’ = 5/y* into Equation 4.10 yields:

7' =(1-0)(o+n)? 4.11)

Comparing Equation 4.11 to 4.7, the roots are found as a = (2-n/y)/3, p = -(1+4n/y)/3, and .=

4y2 (1+n/y)2/27. Denormalising, pull-in occurs when:
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s0(2- 3) (4.12)

and

8ks3y(y + n)3
Vo = |—M——M— 4.13
PI ’ 275,A *.13)

For large values of m, i.e. C;>>C), y —1 the parasitics hardly have any effect. On the actual
prototypes, the value of m is estimated to be m = 0.15 by comparing the area of the frame to
the area of the print head. At this value of m, y = 1+n/m is amplified, and Vp; increases even
faster, and the distribution of energy across the various capacitors no longer offsets the

additional applied voltage.

Internal series capacitor

A more suitable method of applying a series capacitor to distribute the electrostatic energy is
to include a thick dielectric between the electrodes. In pCP, this is inherent to the system as
PDMS layer is included. This is illustrated in Figure 4-11a. A key advantage compared to an
external series capacitor is that the parasitic capacitance C, appears in parallel to both C,; and
Cppus- The C,; and Cppys combination is still driven by Vs and hence steady state operation

is not affected by C..
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<
=

b)

Figure 4-11 a) Parallel plate capacitor with built-in series capacitor, b) electrical equivalent circuit

The analysis is very similar to that of Figure 4-9. The electrostatic force is now given by
Floiectrostatic = -VszaoA/2(t/er+g)2. Equating the electrostatic force to the elastic force, Foisic =
ki(go-2), introducing normalised variables as before and letting n = t/e,g yields Equation 4.7

again. This equation, as well as the pull-in parameters, is repeated here.

n=_1-0)(o+n)?

Vo 8k, g3(1+n)3
PE= 270/ (4.14)

_90(2—71)
9e=""3

The voltage across the air gap is now Vy;, = Vg/(1+ngy/g). Using ,=2.6, gop=t=50 um, 4 =
25 mmz, and k; = 1600 N/m, the voltage distribution across the air and PDMS dielectrics are
evaluated and plotted in Figure 4-12. The applied voltage is reaches =~ 840 V at pull-in, but

the maximum voltage across the air gap only reaches = 500V. The difference appears across

the PDMS dielectric and the latter is robust enough to sustain 540V across 25 um [4.8].
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| g0 = 50um ]
1000+ Vs | t=50um 1
’ i kL =1600N/m |

Voltage (V)

Alr gap spacing, g (um)

Figure 4-12 Voltage across dielectrics in varactor

4.3.3 Design rules to avoid dielectric breakdown

In the previous section, the benefit of including series capacitor in the form of a dielectric
within the gap is demonstrated. Referring to the electrical model of Figure 4-11b, V,; =

Vs/(1+ngy/g), and as g — 0, V,;,—0, and this trend is illustrated graphically in Figure 4-12.

From Section 4.3.1, it is known that the breakdown voltage of air at atmospheric pressure
drops very quickly below gaps of 10 um. When a system like Figure 4-11a is used to carry
out uCP, a key question concerns the upper limits on the stiffness and/or flying height as
these strongly influence the operating voltages. To address this, values of ggand ¢ are
arbitrarily chosen, 4 is kept at the value of the Si engine (25 mm?), and Equation 4.14 is
solved for different values of &; using the built-in “solve” function in Matlab. Using this
solution, voltage-deflection characteristics across the air gap are extracted and the results are
plotted on the same axes as the Paschen curve to illustrate graphically whether the chosen

stiffness lies below or above the breakdown curve.
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With the self-alignment concept of the silicon uCP engine, a flying height of a few tens of
um is reasonable and hence a value of gy = 50 um is assumed. The thickness of the dielectric,
t, is also set to 50 um. Using these values and k; ranging from 100 N/m to 2000 N/m,
voltage-displacement characteristics are plotted (see Figure 4-13). For k;, = 1600N/m, the air
gap voltages just go above the modified Paschen curve and discharge is likely to occur. A

stiffness of 1000 N/m appears to be a safe upper limit for the chosen dielectric thicknesses.

| s0 =50 u‘m } 7 } }
600 t = s0um Ko A
500 ]
= 400 breakdown
g, 0| volage
£ 300}
o
>
200 ]
100 kIL=0.1kN/m —>

0 10 20 30 40 50
Air gap spacing, g (um)

Figure 4-13 Voltage-gap characteristic for the air gap at different spring stiffness’s. Breakdown voltage is overlaid

for comparison.
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4.4 Experimental verification of electrostatic uCP with

built in dielectric

In this section, a simple experiment is devised to verify electrostatic operation using a built-in

dielectric.

4.4.1 Experimental setup

Au-coated polyimide Spacer

x| A —

PDMS

n-Si

Au-coated glass

_7/1\/ O O O O O U
— S PDMS
n-Si

Au-coated gl
u-coated glass a)

Signal A= SE1 Date :5 Feb 2009
EHT =2000kV ~WD= 12mm Photo No. = 891 Time :17:34:28

b)
Figure 4-14 a) Experimental arrangement used to test electrostatic nCP. Conductive surfaces are painted black. b)

SEM of thick PDMS stamp.

A low-stiffness movable electrode was implemented using a thin sheet (12 um) of Kapton
film covered in Au. The Young’s modulus of Kapton and the cube of the membrane thickness

are respectively two and three orders of magnitude less than the floppy Si engine used and the
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equivalent stiffness is therefore five orders of magnitude lower. Although, the behaviour of
the membrane differs from that of the linear spring model developed in Section 4.3.2, this

comparison is enough to demonstrate that the stiffness is significantly lower.

Figure 4-14a shows the arrangement for membrane-based electrostatic uCP. The stamp is =
30 um thick PDMS formed on a doped piece of n-Si wafer by embossing (see Chapter 2).
The patterned stamp area measures =~ 5 mm x 3 mm and consists of recessed parallel lines
with widths ranging from 5 pm to 20 um. A further gold layer is included at the base of the
n-Si wafer for electrical contact. The flying height of the membrane is set by the thickness of
the spacer, which is a 25 pm polyimide film sputter coated with ~80 nm of Au for electrical
contact to the membrane electrode. The membrane itself is ~12 pm thick polyimide with a
~30 nm Au layer on the bottom side, and a ~80 nm Au layer on the top (not shown). The
upper layer Au coating was included to increase the reflectivity of the surface during
interferometric measurement (see below). The membrane is effectively 6 mm long and 3 mm

wide, and is simply supported on three sides and free on the fourth.

The behaviour of a rectangular membrane is governed by the differential equation [4.9]:
O*wiox* + 26°wlox*dy* + 8*wldy* = q/D. Here w represents the deflection at a point (x, y) in the
plane of the plate, g is the applied pressure, and D is the flexural rigidity. Approximate
solutions for different boundary conditions have been tabulated [4.10] but these are usually
valid for small deflections (relative to the plate thickness). In this case, a 12 pm film is
displaced by ~25 pm and the strains in the middle plane of the plate due to bending are
appreciable. This so called diaphragm stress cannot be neglected [4.9, 10]. Furthermore, the

membrane is Au-coated by sputter coating, and this induces further stress and pre-distortion
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in the film. These constraints make the arrangement hard to model and beyond the scope of

this work. Experimental results are therefore presented instead.

The deflection profile of the membrane was monitored using a scanning white light
interferometer (Wyko NT9100, Veeco Inc.). As the applied voltage was increased, the
membrane was observed to bend slightly about the edge of the spacer before suddenly
buckling and contacting the PDMS stamp as shown in Figure 4-15. After initial contact was
made, the total contact area was observed to increase with increasing voltage. Cross sections
of the membrane at different applied voltages are shown in Figure 4-16. At a voltage of

~700V, practically all the patterned stamp area is contacted.

Note that the gaps in the data correspond to the inclined regions of the membrane. For these
regions, the reflected light is not captured in the imaging lens of the interferometer due to its

limited numerical aperture.

No data No data
Mo A
AA - __ ~~1 Imaged surface ~_L-~ L___AA
§ S Bent membrane E g
PDMS

Figure 4-15 Membrane cross-section during imaging. The inclined segments are not reliably captured. Surfaces AA

represent the flat spacer surface which is the reference plane
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Figure 4-16 Deflection profile of membrane at different applied voltages. The two datasets are displaced with respect

to each other for clarity.

4.4.2 nCP Results

For this pCP experiment, the stamp was first inked (as described in Appendix A) and then
combined with spacers and an Au coated PI substrate to form the arrangement in Figure
4-14a. A voltage of ~700 V was applied and maintained for 1 minute. The substrate was then
pulled away from the stamp and etched (see Appendix A) to reveal the printed pattern. The
results are shown in Figure 4-17 and highlight successful printing. Figure 4-17a shows Au
patterns of varying line widths ranging from ~2um to ~30pm while Figure 4-17b highlights

the pattern fidelity for 10um wide lines spaced by 25um.

a) b)

Figure 4-17 Optical microscope images of a) varying line widths. and (b) 10pm wide lines. The darker regions are

polyimide and the bright regions are Au.
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No electrical discharge is observed during these experiments, confirming that the voltages
across the gap remain under the modified Paschen curve. In addition, this experiment also
indicates that the 30 um PDMS dielectric is robust enough to sustain a voltage of =~ 700V for

1 min, and that the high electric field involved does not interfere with SAM formation.

4.5 Conclusion

In this chapter, electrostatic operation of the silicon pCP engine is analysed and experimental
results are presented. Electrical discharge is observed due to the high operating voltages and
using the same Si engine, the experimental conditions (flying height, and external resistor or
capacitor) are tweaked to enable actuation without breakdown. pCP remained problematic

although the results indicate that electrostatically driven uCP is possible.

Published data concerning electrical discharge in microscale gaps (Paschen curve) was then
reviewed and an upper bound for the electric potential allowed in an air gap was determined.
The use of a series capacitor as a method of dividing the voltages across the air gap is also
investigated, and parametric curves showing the effect of stiffness are drawn. These showed
that with a low enough stiffness, pCP with electrostatically actuated electrodes is possible.
This hypothesis was successfully verified using a low stiffness membrane as electrode for

uCP.

The findings of this chapter confirm that electrostatically driven nCP is possible in principle,
but is in practice limited to low-stiffness devices. Low-stiffness devices make retraction after

printing problematic as well as resulting in flimsy devices. Considering the adhesion energy
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of a 5 mm x 5 mm Au substrate against a PDMS stamp (with a fill factor of 1), the minimum
stiffness required for retraction is 6.94 kN/m (based on the analysis of Section 3.2.4). The
parametric study of Section 4.3.3 indicates that for this geometry with a flying height of 50

um, the upper bound on the stiffness is 1.6 kN/m.

Whilst these numbers are specific to this configuration, they already point out the difficulty

of balancing these conflicting needs. Due to these design tradeoffs, other actuation modes

need to be investigated.
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S Replica moulded pnCP engine

In this chapter, a multi-level uCP system that allows patterning of up to 6 different levels
without using alignment optics is reported. This pCP system is based on the layout of the Si
engine presented in Chapter 3, but is this time made of PDMS. Cost and complexity are
driven down by wafer scale replica moulding against a microfabricated Si master. Flexible 50
um thick photo-etched stainless sheets are bonded onto the polymer prior to demoulding to
improve mechanical stability. Self-alignment is achieved by using the V-groove and rail
mechanism demonstrated in Chapter 3. Actuation is currently manual and further
investigation into more controlled drives is required. Complete ca. 10 mm % 10 mm
prototypes are fabricated and six-level pCP is demonstrated with an average layer-to-layer

misalignment of 5-10 um.

5.1 Concept and design

In this section the PDMS uCP system is described. Replica moulding is used to cast
membrane-like PDMS devices on microfabricated Si <100> 100 mm wafers. Each die is ca.
10 mm*10 mm and carries alignment features, the pattern to be printed, and a suspension in
the form a membrane. The geometry of the alignment features and the pattern are determined
by the bi-level etched silicon whilst the thickness of the membrane is determined by the

thickness of the PDMS.

In this section, the self-alignment mechanism is reviewed, followed by a description of the

elastic steel backing. Roof collapse is avoided by including a supporting frame into the
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pattern and the performance of the latter is verified via FEA. Lastly, the use of different

patterns on the wafer to enable characterization of multilevel accuracy is explained.

5.1.1 Self-alignment

Self-alignment is achieved by micromachining a Si <100> target substrate to form

complementary V-grooves that mate with V-shaped rails on the PDMS stamp. This is

illustrated in Figure 5-1.

A

10 mm

A 4

[——6 mm—

N
O /
ooooooo
= ooooooo \
g ooooooo Link
g O Printhead [J bars
7 ooooooo
ooooooo
ooogQooo
\,// I N\

/Q).S mm

Stainless steel elastic backing

e

Si substrate with KOH T- f
etched grooves

Print PDMS W
< Patterns Membrane » < M

Figure 5-1 Self-aligned pCP system. The upper image shows the plan view of the steel elastic backing while the lower

image shows the cross-sectional view of the device showing self-alignment.
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With crystalline <100> Si, @ is the angle between the (100) and (111) planes and tan (6) = 2.
The flying height, s, then depends on the groove widths on the substrate, Wz, and on the
stamp, Wy, as s = (Wy-Wr)N2. Here, Wy = 1000 pm and W7 = 930 pm, giving s = 50 pm.
When the rail and groove are tall/deep enough (200 um in this case) the male and female
parts can easily be aligned and registered by hand. Due to the elastomeric nature of the male

part, some misalignment is expected.

5.1.2 Elastic backing

The softness of PDMS, typically 1-2 MPa, is critical as it enables conformal contact but it
also makes stamp handling and registration very difficult. The stress induced by the thermal
curing process adds further complications especially since the PDMS stamp needs to be

aligned to Si substrates. Therefore, an elastic backing to strengthen the stamp is included.

A stamp cured at ~100 °C shrinks by 1.5% (in a linear dimension) [5.1] when it is released
from a hard master like Si and a solution is to bond a flexible but stiff backing layer [5.2]
prior to demoulding. We have experimentally verified this by using layers such as 50 um
stainless steel sheets, 25-100 um Kapton polyimide sheets and overhead transparencies, and

have found that the shrinkage is reduced to 0.1%.

Furthermore, as the stamp is deflected to make contact, it is expected to stretch and distort.
By locally stiffening the print head area and the alignment rail, and allowing the membrane
region to stretch instead, pattern distortion is minimized. This is done by bonding a 50 pym
thick photo-etched stainless steel sheet (Photofab Ltd, Cambridgeshire, UK) to the PDMS
after casting. The layout of the patterned elastic backing and its position in the PDMS stamp

are illustrated in Figure 5-1. The surround overlays the PDMS alignment rail and ensures
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dimensional stability whilst the steel print head strengthens the print pattern region and keeps
it flat. The link bars hold all of it together and ensure that the stamp retracts after contact,
while the 100 um square holes on the steel print head allow trapped bubbles to escape during

the fabrication process.

5.1.3 Pattern Stability

Due to its low Young’s modulus, PDMS patterns are prone to collapse during printing [5.3-
5]. With a feature height (10 pm) to width (10 um) ratio of unity, pattern buckling or pairing
up is avoided, but roof collapse, which occurs when features are widely spaced from each
other, could be a problem. One solution, apart from avoiding sparse areas, is to use flexible
backing layers [5.6]. Here, both measures are implemented by including 500 pum supporting
bars that surround the patterns, and by using a flexible stainless steel backing. The
effectiveness of the supporting bars is elaborated further in Section 5.1.4 and the layout is

illustrated in Figure 5-2.

Supporting
bar

0.5 mm

6 mm

A
\i

Figure 5-2 Layout of supporting bar. The 3 x 3 array can now carry any features without any risk of roof collapse

between the cells.

151



Chapter 5 Replica moulded pCP engine

In addition, sub-micron features can be patterned by using composite stamps as described in
earlier reports [5.7, 8]. To test these, a different master carrying 500 nm wide gaps with a
pitch of 5 um in 7 um tall posts is used. The layouts of these masters are described in Section

5.1.5 whilst fabrication is explained in Section 5.2.

5.1.4 Simulation

The mechanical response of the stamp and the interaction with the substrate is investigated

via FEA in the CoventorWare software. Exploiting the symmetrical geometry, only Y4 of the
device is simulated, with the symmetry planes constrained in the X or Y plane as required. A
uniform pressure is applied to the top of the metal plate and the outer edges of the stamp and

the metal surround are fixed.

MemMech: sm_16_roof collapse final_sym_fine | 11Jul2010 | Covertor Data

=%

surroun

~ Steel print
: head

i HEE Ty | T
b

Displacement Mag.: 1.1E-40 1.38+401 25E+01 38E+01 5.1E+01

u COVENTOR

a)

Figure 5-3 Images of the model used for FEA of the membrane stamp. a) Deflection profile of the stamp under load of

20 MPa. b) Contact pressure (pale) on the underside of the stamp for the same load.
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The simulated model under a load of 20 MPa is illustrated in Figure 5-3a and excludes the
print patterns, the 100 um square holes in the steel plate, and the PDMS alignment ridge.
Contact is modelled by including a contact surface 50 um below the roof of the stamp. The
membrane areas bend more, with the metal-bound region staying mostly flat. Contact is
illustrated in Figure 5-3b which shows that the full length of the supporting bar can be in
contact with the substrate without any contact of the roof. This implies that the patterns,
which are of the same height, would also make contact. The variation of normalized contact
area of the supporting bars and of the roof with applied load is plotted in Figure 5-4a,
showing that essentially full contact of the print patterns can be achieved without roof

collapse.

1 ° ° ® 50
s —O— roof
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a) b)

Figure 5-4 a) Normalised contact area variation with applied load. b) Displacement of the print head with applied

force.

Although not simulated per se, the retraction of the stamp after contact can be predicted.
Considering the deflection of the print head with varying loads (Figure 5-4b), for deflections
of up to 40 um (i.e. prior to contact being made), the relationship is linear. From the inverse
gradient of the linear part, a stiffness term can be estimated (kK = 50 kN/m). The maximum

displacement that this node can undergo is sy = 40 pm. Hence, the elastic energy stored (=
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kso*/2) is at least 40 pJ (since even more energy is stored as the stamp deforms during
contact). On the other hand, the work required to release the stamp is given by the product of
the area in contact and the work of adhesion, W. Here, the relevant value of W to use is that
of Sylgard 184 on gold [5.9], which is 0.5 J/m”® , and the total area in contact is approximated
by the area of the bottom surface of the supporting bars which is 4.6x10° m?. The adhesion
energy is thus 2.3 pJ. Since the stored elastic energy is much greater than the adhesion

energy, stiction is not expected to be a problem.

5.1.5 Stamps and patterns for multilevel characterisation

To test for overlay accuracy, 7 stamps carrying different patterns are made from the same
silicon wafer. Variants are labelled #1, #2...#6 and “all” and their layout on the wafer is
illustrated in Figure 5-5a. Each variant contains the same mechanical features (alignment,
supports and suspension) but different patterns. The variants consist of a 3x3 array of
identical cells of size 1.2 mmx1.2 mm, with each cell containing an identical periodic pattern
of ten 10 pm wide vertical bars with a pitch of 20 um, and 10 pm wide horizontal bars for
identification, as illustrated in Figure 5-5b. The 3x3 array of cells carrying the patterns are
surrounded by 500 pum wide supports and, together, they form the 5.6 mmx5.6 mm printed
area. The print head itself lies in a membrane-like structure framed by 10 mmx>10 mm
alignment rails. The variants differ only in the position of the periodic bar pattern within each
cell, as illustrated in Figure 5-5c, which shows that the pattern carried by each variant is
laterally shifted by an amount depending on the variant number. Sequentially printing with
variants #1 to #6 and comparing the measured separation with the designed value allows

multilevel accuracy to be measured.
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Figure 5-5 a) multiple stamps on a single silicon wafer. b) schematic of a single die showing 3x3 cells containing print
pattern and supporting bar (Mask #1) and alignment groove (Mask #2). ¢) Close up of the pattern. Variants carry the
same periodic bar pattern but shifted laterally, e.g. variant #1 carries the leftmost group, variant #2 the second group

from the left, and so on. Variant “all” carries all six groups.

In addition, a different silicon master, termed high resolution master, carrying the same
mechanical features but different print patterns was fabricated for testing sub-micrometer

patterning. The print patterns in this case consist of 7 um tall periodic bar patterns of different
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sizes, namely; 10 um bars with 20 pm pitch, 5 pm bars with 10 um pitch, and 2.5 um bars
with 5 pm pitch. During processing, the 2.5 pm bars are narrowed to 500 nm by oxidation
and the subsequent oxide removal. This results in a PDMS stamp having 4.5 um bars

separated by 500 nm gaps. The layout of the patterns on these high resolution masters are

|

2.5um Identification mark

illustrated in Figure 5-6.

= —
—>

8

10 um 5

Figure 5-6 High resolution pattern carrying 10pm, Spm and 2.5pm wide bars with mark to space ratios of unity. The

pattern is rotated compared to Figure 5-5c.

5.2 Fabrication

In this section, the wafer scale process for the fabrication of the master and target is
presented. Wafer scale PDMS casting and bonding is discussed and limitations of the process

are outlined.

5.2.1 Master and Target

The master and target substrate are fabricated by conventional MEMS fabrication techniques
using two-level lithography on the master and single level lithography for the target. The
process flows are illustrated in Figure 5-7a and Figure 5-7b. Both master and target carry 36

dies. In the case of the target, the dies are identical, while for the master, the dies correspond
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to different variants. The masters carrying the fine 2.5 um patterns are made with the same
process flow. Detailed process parameters are provided in Table 5-1 for the master and Table

5-2 for the target substrate.

Master Substrate Target Substrate
Oxide
[ UUuULJUuu LUy : e
(100) Si T00) St
1. Pattern Si by lithography and RIE 1. Thermally Grow Oxide ~ lum
____________ 1 soeorsoroororcoasonoocoonoon [ eouson

2. Thermal Oxidation 2. Pattern Oxide and RIE
3. Pattern oxide by RIE, and KOH etch Si<100> 3. KOH etch V-grooves

4. Strip Oxide and deposit antistiction layer a) 4. Strip oxide mask and Sputter Au b)

Figure 5-7 Process flow for a) Master and b) target wafers.

For the master, the print patterns and the supporting posts are defined in a single mask (Mask
#1) and transferred to the Si substrate by a RIE using a recipe that yields a slightly tapered
sidewall (=10° to the normal) that facilitates demoulding. A cross-section view of the etched
pattern is shown in Figure 5-8a. A 1.2 um thick oxide layer is then grown by dry oxidation at
1100 °C on both the microstructured master and the target. A thick 17 pm resist layer
(AZ9260, MicroChem) is then spun on the master to cover the shallow structures, whilst a
thinner resist layer is used for the flat target. The master is patterned with Mask #2 to define
the 1000 um wide rail (W), whilst the target is patterned with Mask #3 to define the 930 um
wide mating grooves (Wr). The patterns are transferred to the oxide mask by RIE. Using the
oxide layer as mask, the Si master and target are then etched in a 40% KOH solution at 80 °C
up to a depth of 200 um. The oxide mask is then stripped and, for the master, an antistiction

layer, such as the passivation layer of a DRIE (STS, Newport, UK), is deposited, whilst the
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target is sputter coated with a 30 nm Au layer. The passivated master could be used for ~10

PDMS mouldings/castings before the release layer deteriorated and needed to be redeposited.

Signal A= SE1 Date :15 Jan 2010
EHT=20.00kVv WD= 19mm Photo No. = 5959  Time :16:01:55

a)

Signal A= SE1 Date :3 Jun 2009
EHT =20.00kV ~ WD= 28mm Photo No.=3003  Time :17:41:49

Figure 5-8 SEMs of a) the cross-section of the 10 pm periodic bar patterns formed by RIE, b) the V-grooves at the

convex corners formed by KOH etching.

Note that at the convex corners, additional (211) planes are revealed so the grooves are not
precisely V-shaped there (see Figure 5-8b). To ensure a good fit between the stamps and the

targets, both the target and master substrates are etched together and to the same depth.

Stamp master substrate

Fabrication step Sub-steps Parameters
1. Print patterns Lithography - S1828, 500nm thick, Spin: 3000rpm, 1000rpm/s, 40 s
Mask #1 - Softbake: 65 C (HP)- 2 min, 85 C (HP)—2min, 90 C
(Oven) — 2 min
- Exposure 460 mJ/cn?’,

- Developer MIF319 (1 min)
Silicon RIE - 10  SF¢ (30 sccm), O, (10 scem), Base pressure 120 mTorr, RF

pm power 100 W.
Resist Strip Acetone immersion (3min), Then IPA and DI, then O,
plasma clean.
2 Z’her?n al Dry oxidation: Carbolite furnace, 1100 C, 72 hours.
Oxidation 1.2 pm
3a.Pattern Oxide Lithography - AZ9260, 17 pm thick, Spinl : 500rpm, 100rpm/s, 10's,
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3b. V-groove etch

4. Antistiction

Mask #2

RIE SiO,
Resist strip

KOH etch — 200
pm
Si0, strip

Passivation
phase of DRIE
(CF,)

Spin2: 1000rpm, 500rpm/s, 40 s

- Softbake: 60 C (HP)- 3 min, 80 C (HP)- 3min, 100 C
(HP) — 1min, 90 C (Oven) — 2 min

- Exposure 1110 mJ/cm?,

- Developer :AZ400K:DI 1:4 2.5 (min)

CHF; (25 scem), Ar (25 scem), O, (2 scecm), Base pressure
30 mTorr, RF power 200 W. Duration: 60min

1165 @ 65 C immersion (15 min). DI rinse, then O, plasma
clean.

40 % KOH solution in DI, with 1% IPA @ 80 C (~200
minutes)

CHF; (25 scem), Ar (25 scem), O, (2 scecm), Base pressure
30 mTorr, RF power 200 W. Duration: 60min

C4Fs (120 sccm), Base pressure 12 mTorr, Coil RF power
300W, frequency: HF, Platen power 20 W. Duration 120 s.
Hardbake: 150 C (HP) — 5min.

Table 5-1 Process parameters for master substrate

Target substrate

Fabrication step

Sub-steps

Parameters

1. Thermal
Oxidation

2.Pattern Oxide

3. V-groove etch

4. Gold deposition

Dry oxidation:
1.2 pm

Lithography
Mask #3

RIE SiO,

Resist strip
KOH etch — 200
pm

Si0, strip

Sputter coating
(Nordiko)

Carbolite furnace, 1100 C, 72 hours.

- AZ9260, 8 um thick, Spinl : 500rpm, 5000rpm/s, 10 s,
Spin2: 2000rpm, 5000rpm/s, 40 s

- Softbake: 100 C (HP) - 2 min

- Exposure 600 mJ/cm’

- Develop :AZ400K:DI 1:4 (5 min)

(HP) — 1min, 90 C (Oven) — 2 min

- Developer :AZ400K:DI 1:4 (2.5 min)

CHF; (25 scem), Ar (25 scem), O, (2 sccm), Base pressure
30 mTorr, RF power 200 W. Duration: 60min

1165 @ 65 C immersion (15 min). DI rinse, then O, plasma
clean.

40 % KOH solution in DI, with 1% IPA @ 80 C (~200
minutes)

CHF; (25 scem), Ar (25 scem), O, (2 sccm), Base pressure
30 mTorr, RF power 200 W. Duration: 60min

-10 nm Cr or 10 nm Ti(adhesion)
-30 nm Au

Table 5-2 Process parameters for target substrate
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5.2.2 PDMS Stamp Casting

The stamp replication process is illustrated in Figure 5-9. A standard PDMS composition,
Sylgard 184 (Dow Corning Corp), is prepared and spun coated onto the master to form a
~200 um thick PDMS layer. After spinning, the master is degassed in a desiccator to remove
air bubbles (Step 1 and 2). The PDMS is then partially cured so that it is set and does not

flow, but is still sticky.

_\—/'I.I1.I1.I'I_I'I.I'LI1.I'|_I'I.I'LI1.I'\_/_

1. Spin Coat PDMS on FC coated master

SSSSSSSSSSSSSSS
_\—/'I.I1.I1.I'I_I'I.I'LI'LI'|_I'LI1.I1.I'\_/_

2. Vacuum Degass

e, e ]

_\—/'I.I1.I1.I'I_I'I.I'LI1.I'|_I'I.I'LI1.I'\_/_

3. Partial cure & bond patterned steel backing

4. Plasma activate, encapsulate and peel off

Figure 5-9 Stamp replication process. PDMS is first cast, then the steel elastic backing attached, followed by a

encapsulating PDMS layer. The completed stamp is cured and then peeled off from the master.

For submicron features cast on the high resolution master, composite PDMS stamps with a 30
um hard layer of Sylgard 184 mixed with its modulator in the ratio 1:5, followed by a 200
um thick layer in a 1:10 formulation were made. The remainder of the stamp casting process
is identical. This “hard” 1:5 layer is reported [5.10] to have an ultimate tensile strength 50%
that of conventional 1:10 Sylgard 184 and this initial test indicates that the stamp replication

process is suitable for brittle PDMS. The successful casting is illustrated in Figure 5-10,
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which shows an SEM of a stamp which has been spun cast as above, peeled off, and coated

with a thin film of Au for reliable imaging.

200pm  StageatT= 297° Signal A= SE1  Date :8 Jun 2010
EHT=2000kV WD= 19mm Photo No.= 8329 Time :19:48:48

Figure 5-10 SEM of one of the patterns of PDMS stamp cast on high resolution master. For reliable imaging, the

polymer was coated with a ~ 10 nm layer of Au prior to SEM.

The patterned steel layer is then bonded onto the PDMS (Step 3). Alignment is carried out by
using the alignment optics of a mask aligner (Quintel Q4000IR) with the PDMS coated
substrate held on the wafer stage and the steel sheet (which is first mounted on a glass plate)
held on the mask chuck. To avoid stiction during the pre-contact phase, the PDMS curing
time had to be increased and consequently the PDMS-steel bond weakened significantly and
the yield was quite poor. This aspect can be improved on with a contact aligner system where
the pre-contact phase can be overridden. Alternatively, the steel sheet is cut into strips
covering 2x6 or 1x6 dies and coarsely aligned by hand using the alignment grooves as guide.

Much fewer dies are obtained per wafer with this method but the dies are of better quality.

After bonding, a release layer in the form of a flexible polycarbonate sheet (such as an

overhead transparency) is placed on top of the steel sheet, followed by a blank silicon wafer
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and a 1.2 kg weight. The whole assembly is cured on a hot plate for at least 1 hr at 90 °C.
After cooling, the top Si wafer and the polycarbonate sheet are removed, and the stainless
steel surface is plasma activated in a System 80 RIE (RF power:70W, base pressure: 100
mTorr, O, flow rate: 60 sccm, duration: 20 s ) and a second (~200 pm) PDMS layer is spun

cast on top and then cured to encapsulate the device.

Finally, the entire PDMS device is peeled off from the master and cut with sharp scissors into
either individual dies or arrays carrying a few stamps. Figure 5-11a shows an optical image of
a fully assembled stamp while Figure 5-11b shows a SEM of the polymer part. Figure 5-12

shows an array of stamps aligned and locked onto a target substrate.

Reverse View PDMS Alignment F
membrane tail

s Slﬁﬁorting
: ar

Print
Pattern

Alignment

Rail » . / i /

200pm Signal A = SE1 Date :29 Jan 2010
EHT=20.00kv  WD= 42mm Photo No. =6131  Time :17:05:27

—
a a) E 777 b)
Figure 5-11 a) Optical image of a completed stamp. b) SEM of finished die highlighting successful moulding.

arget
substrate

X4 array
of stamps

Figure 5-12 Optical image showing an array of 4 stamps aligned onto a target substrate
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5.3 Experimental methods

In this section, the methods used to achieve multi-level pCP, and to measure the alignment

accuracy are described.

5.3.1 uCP protocol

pCP for was carried out using HDT, as described in Appendix A. The stamps were inked,
dried and then aligned by hand onto a site on the target substrate. To ensure uniform loading,
a =~ 6 mmx6 mm piece of Si was placed over the print head. Contact was made by pressing
the print head with tweezers and was maintained for ~30 s. For multi-level printing, this was
repeated with a different stamp as required. The SAM pattern was then transferred to the Au
by etching off the unprotected regions (see Appendix A). SEM was carried out on the etched

Au/Si samples to reveal the pattern.

For demonstration of multi-ink patterning, HDT (HS(CH,),5CHj3) and 11-
mercaptoundecanoic acid (HS(CH,),0C0,H) were used. Even stamp variants were inked with
0.5 mM HDT in ethanol, as above, whilst odd variants were inked with 1mM
mercaptoundecanoic acid in ethanol. The inking and drying step is the same for the both inks.
All six stamps were sequentially aligned and printed onto a single target die as described
above. For the odd variants carrying the carboxylic acid terminated thiol, contact time was

increased to ~60 seconds.

5.3.2 Absolute distortion and layer-to-layer alignment

The performance of the printing system was quantified using 1) the absolute distortion and 2)

the layer-to-layer alignment accuracy. The patterns were printed as described in Section 5.3.1
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and the uncovered Au etched away (as per Appendix A) to reveal the image. The printed
patterns were characterised using an optical microscope (Wyko NT9100, Veeco Inc.) with a
calibrated x-y stage (£5 um) when large areas were concerned, and by SEM for higher

resolutions over smaller areas.

The absolute distortion refers to the difference between the printed image and the original
master once relative rotation and translation have been removed and can be visualised by a
distortion map. Considering a point 4 on the master with origin O, and the corresponding
points 4° and O’ on the image, the distortion at that point 4, is a vector equal to O’A’ — OA.
Using this approach, a distortion map can be constructed for several points on the printed
image. The landmarks used in this case are the corners of the supporting bar (see Figure 5-2)

and the positions on the printed images were characterised using the optical microscope.

Layer-to-layer accuracy refers to how accurately the different stamps can be placed with
respect to each other. It is obtained by measuring the centre line to centre line spacing of the
periodic bar images formed by images from adjacent stamps and subtracting the nominal
design value (20 pm). Using high magnification SEM images, this can be evaluated to the
nearest um. An example is shown in the next section in Figure 5-13b, where patterns from

stamp #3 and #4 are printed and the misalignment between them quantified.
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5.4 Results and Discussion

In this section, the fabricated stamps are used for pCP. 6-level patterning is demonstrated and
the resulting layer-to-layer accuracy is presented and discussed. Printing with different inks is

also verified.

5.4.1 6-level nCP

6-level uCP using correlated stamps, that is, those made on a single wafer and bound with the
same strip of steel, was carried out as described in Section 5.3.1 onto a single target die.
Typical results are illustrated in Figure 5-13a and Figure 5-13b. Sub-micrometer patterning

was carried out in the same way and the results are illustrated in Figure 5-14.

Date :29 Jan 2010

.=6108  Time :10:51:55

2 e —— )

Figure 5-13 Experimental results of nCP showing a) 6-level nCP, b) close up of adjacent prints showing small
misalignment. The SEM images show Au patterns (bright) on Si formed by contact printing (6 times) and etching (see

Section5.3.1)
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3um  StageatT= 00° Signal A=SE1__ Date 6 Jul 2010
EHT=2000kV WD= 14mm Photo No. = 8567  Time :19:41:31

Figure 5-14 SEM of Au (pale) on Si (dark) showing 500nm features

5.4.2 Absolute distortion
The pattern reproducibility of the stamps carrying 10 um features was characterised by

measuring the absolute distortion as described in Section 5.3.2. For each stamp variant, a
print was made and the vector distortions calculated using the inner corners of the supporting
bar as landmarks. The average distortion of the six stamp variants at each landmark is then
calculated and presented as a vector map in Figure 5-15. The maximum offset noted was 23
um whilst the mean was 11 um. The offsets appear to be randomly distributed with no clear

trend.
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Figure 5-15 Absolute distortion between the printed images and the silicon master. The schematic shows a typical
print head with the inner corners of the supporting bar marked by squares. The arrows, which are on a different
scale, illustrate the magnitude and difference of the printed image with respect to the master. The distortion data

shown is the average of all six stamps.

5.4.3 Layer-to-layer accuracy

Layer-to-layer accuracy of the different stamps is obtained as described in Section 5.3.2.
Distribution of the misalignment data is presented in Figure 5-16, based on 50 prints in the
central cell of the 3x3 array. Average misalignments of 9.1 um (standard deviation 8.2 pm)
are obtained, whilst the median value is 5.5 um, suggesting that the misalignments lie mostly

in the 0-10 um range. These values are also consistent with the measured absolute distortion.

For those prints that lie within the 0-5 pm band (Figure 5-16), there is hardly any deviation
(<2 pm) in the misalignment within different cells of the array of patterns. For those prints
with large misalignment >15 pm, the deviation between cells could be as much as 15 pm.

Moreover, those stamps that gave inaccuracies of >15 pm tended to consistently do so and

this points towards defects within those stamps due to processing, rather than towards the

167



Chapter 5 Replica moulded pCP engine

inherent limit of the self alignment system. In fact, these stamps had curled slightly due to

shearing of the steel backing when they were cut with scissors.

The use of a more controlled actuation is verified by using a linear motion manipulator (PVX
500, Wentworth Laboratories, Ltd., Bedfordshire, England) with the probe tip removed to
cause deflection. The average layer-to-layer misalignment then drops to 3.4 um (with a
standard deviation of 3.3 pm) and the median to 2.1 um. The distribution is shown in Figure
5-16 while the experimental setup is illustrated in Figure 5-17. These preliminary results

indicate that a controlled actuation can significantly improve accuracy.

30

Micro-
25 —— EEE— . - = Manual -
manipulator

20

No of
Occurences

. I

0-5 um 5-10 um 10-15 um >15um

Misalignment

Figure 5-16 Distribution of layer-to-layer misalignment based on 50 prints
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Micro-manipulator

uCP engine locked on substrat |

Figure 5-17 Controlled Actuation using a micro-manipulator: the stamp is aligned on the target as before but the

deflection is now controlled with a micro-manipulator

5.4.4 Comparison with previous work

Despite the large body of work tackling pattern fidelity in uCP, few present data regarding
multilevel accuracy. Most focus on the difference between the printed image and the original
master/stamp, termed absolute distortion. James ef al.[5.11] and Lauer et al.[5.12] report 3-
axis stages with alignment optics capable of +1 um print to print accuracy (for stamp sizes
~10%10 mm). A commercial solution, the pCP2.1[5.13] (Gesim), consists of alignment stages
with optics and a pneumatic actuation that enables 5 um positioning accuracy. Others such as
Decré et al.[5.14] or Burgin ef al.[5.15] present high fidelity contact printers (absolute
distortions of 0.69 pm over 100 mm and 1 pm over 75 mm respectively) with alignment
optics that presumably allow £1 pm accuracy from run to run. Rogers ef al.[5.16] present
relative alignment data by printing an image on a reference grid, displacing and rotating the
stamp, and printing again. After subtracting translational and rotational errors, the maximum
difference between the two prints with respect to the reference grid is reported as 4um over a
length of 4.5 mm (0.09%). This reflects the errors that would have occurred even if the prints
were perfectly aligned. An approach similar to ours in spirit has been presented by Tien et
al.[5.17]. Here, a single stamp with patterns distributed over 4 levels is designed and by

varying the applied pressure, different areas of the stamp make contact thereby making
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complementary inherently self-aligned patterns. Feature sizes are of the order of 100 um and
no alignment data is presented but values of 10s of um can be inferred from the images. This
approach is very simple and easy to implement but requires careful loading and cross

contamination can be an issue, especially as sizes are scaled down.

The approach presented here, with a layer-to-layer accuracy of 10 pm over a length of 5 mm
(0.2 %) is relatively inaccurate, but still allows multi-level patterning with no overhead such
as alignment optics. The complexity of the silicon masters may be of concern, but once these
are available, hundreds of stamps can be made by simple replica moulding. As for bonding of
the steel backing to the polymer, it is low yield as it requires hand-eye manipulation, and

ways of improving this aspect need to be investigated.

The main drawback of the proposed system is that a matching micro-fabricated substrate is
still required. These can be reused by stripping the Au layer and coating a fresh one for new
experiments. Another avenue to be investigated would be injection/replica moulding these

substrates and then coating with Au.

5.4.5 pCP with different inks

Patterning of different monolayers is demonstrated using 1-hexadecanethiol (HS(CH,),sCHj3)
and 11-mercaptoundecanoic acid (HS(CH;);0C0,H) as described in Section 5.3.1.To facilitate
imaging, the underivatized Au was etched to reveal the SAM covered regions. Condensation
figures were used to differentiate between the hydrophilic and hydrophobic SAM [5.18]. The
target substrate was cooled down after patterning and then exposed to ambient conditions

where water vapour would condense. The droplet size distributions differ significantly
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between regions covered by the two SAMs as shown Figure 5-18. Two different inks were
used here as demonstration but it is clear that up to 6 different compatible monolayers with
different terminations could be patterned by nCP and a further 7™ monolayer could be

deposited from solution on the empty areas.

Figure 5-18 Condensation figure revealing the patterns of SAMs with different monolayers. The different droplet
distributions on the hydrophilic (-<COOH) and hydrophobic (-CH3) provide sufficient contrast for imaging by optical

microscopy.
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5.5 Conclusion

A 6-level pCP tool with self-alignment features has been designed and its operation
demonstrated. Multi-level accuracy has been shown to lie within the 5-10um range with a
manual operating mode, and without the need for optical alignment. Areas requiring further
investigation are the passive alignment mechanism and its limits and scaling to larger die
sizes. The fabrication process also needs to be optimized to enable true wafer scale
processing. In addition, more consistent print actuation mechanisms, such as pneumatic,

which would not overly complicate the current set up, warrant further study.

Potential applications lie in the area of biochemistry where multi level pCP for sensitizing
surfaces (e.g. in a biosensor array or multi-analyte bio-chips) is required. Six-level patterning
to impart different biochemical and/or tribological properties to a substrate has been
demonstrated and more levels could be implemented. The polymer moulding approach
significantly drives down cost and opens new possibilities for patterning in geometrically

challenging microstructures such as micro-channels.

Most importantly perhaps is that reliable aligned multilevel patterning can be carried out
without any additional equipment, except for a compatible substrate. A batch fabrication
process for structured substrates, e.g. by injection moulding and then coating with an

appropriate layer, could be envisaged.
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6 Hydraulically actuated uCP engine

In this chapter, controlled actuation of uCP engines using hydraulics is investigated.
Prototypes combining the replica moulded stamps described in Chapter 5 with a precision
machined Perspex chuck are constructed and characterised. The difficulties of
interconnecting macroscopic hydraulic parts with MEMS are highlighted and some solutions

are provided. Lastly, single-level uCP with a hydraulic drive is demonstrated.

6.1 Hydraulic and pneumatic actuation in microsystems

Hydraulic and pneumatic micro-actuators can deliver high force and power densities at the
microscale in comparison to electrostatic, thermal or piezo-electric actuators [6.1]. Despite
this property, this class of actuators is often overlooked in MEMS, although applications are
more common in microfluidics and pTAS. For example, numerous pneumatically operated
valves and pumps have been developed and some examples are reviewed by Oh et al. [6.2]

and Laser ef al. [6.3] respectively.

In MEMS, the most common forms of hydraulic/pneumatic actuators are membrane type
actuators [6.1] due partly to their ease of fabrication. Silicone rubber is popular in such
applications because of its low stiffness, which implies large deflections under small loads,
and ease of fabrication. Examples of such actuators include a refreshable Braille cell array
actuated with compressed air [6.4], a tunable elastomeric mould whose shape is adjusted
pneumatically [6.5], and various other components for microfluidic systems as summarised in
[6.6]. In the field of uCP, fluidic actuators driven by compressed air have been proposed by

Gesim [6.7] and Philips [6.8].
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Hydraulic actuation, on the other hand, appears less popular despite the fact that the use of an
incompressible fluid allows larger pressures to be exerted. In fact, interconnecting
microsystems with hydraulics in the macro world is non- trivial and is often a hurdle in
microfluidics especially when a large number of connections are involved, as discussed in
[6.9] and [6.10]. Commercial solutions exist and are described in [6.11]. The operating
pressure in this case is limited to 600 kPa. Bhagat ef al. [6.12] provide an adhesive free

solution which can sustain operating pressures of up to 1.7 MPa.

In this chapter, the use of water as a hydraulic fluid to actuate stamps for uCP is investigated.
Water is appropriate given the hydrophobic nature of the PDMS stamp, while a hydraulic

drive implies that actuation can easily be controlled using a benchtop syringe driver.

6.2 Design and Concept

In this section, the hydraulically actuated uCP engine is described. The replica moulded
stamp described in Chapter 5 is modified and the operation of the modified design is verified

through FEA and analytical models.

6.2.1 Hydraulic actuation

The main features of the proposed hydraulic system are illustrated in Figure 6-1. It consists of
a machined chuck with inlet and outlet pipes, a square cavity of length /, = 8800 um which is
equal to the movable area of the pCP engine. Controlled volumes of hydraulic fluid (water in
this case) are injected with the syringe driver. Since water is practically incompressible (see

e.g. [6.13]), the volume enclosed by the deformed stamp is equal to the injected volume, AV.
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The outlet is closed off by a tap which can be opened for flushing the system or deflating the
deformed membrane after actuation. By Pascal’s principle, neglecting the height differences,

the pressure throughout the closed system is constant and equal to P.

Elastic
membrane
AV inlet outlet
el (TP e
By +
1 r'd L\ —
Syringe driver Tap

ll)

A

»
>

Figure 6-1 Outline of hydraulic system consisting of inlet/outlet, hydraulic cavity, and a deformable membrane

6.2.2 Replica moulded pCP stamp

The stamps in this case are similar to those described in Chapter 5 except that the patterned
steel backing is replaced by a plain 50 pm thick Kapton polyimide (PI) sheet. The print head
area is stiffened relative to the membrane area by adding a third layer made out of structured
PDMS. The stamps are illustrated in Figure 6-2. Detailed fabrication steps are presented later,
but briefly, Part A and part B are first spin cast and cured on their respective masters. Part A
is identical to the PDMS layer of the device in Chapter 5. The PI film is bonded to part B
whilst it is on the master. The Pl-part B stack is peeled off, aligned to the print head of part
A, and bonded together. The main advantages of plain PI film over photo-etched steel are low
cost, simplicity, and inherent material compatibility as PI-PDMS stacks are less likely to
delaminate. However, a possible concern is that the elastic modulus of the PI is two orders of
magnitude lower than that of steel and the relative softness of the structure may be prone to

roof collapse. This is countered by lower operating pressures and a thick 250 um layer of
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backing PDMS over the print head (c.f. = 50 pm thick only over the membrane regions). The

low pressures and avoidance of roof collapse are verified by FEA in Section 6.2.4.

10000 um

‘ 8800 um ‘

5600 um

250 um

| 250 um
y

surround _ Print head _ |._surround

-t

-t » - »
-t -t

membrane membrane

Figure 6-2 Cross-section view of pCP engine with PI elastic backing

6.2.3 Modelling of Membrane

In this Section, the simple models that describe the mechanical deformation of the pCP
engine are presented. Two aspects are discussed: 1) the deflection under an applied load and
the relationship to strain energy; 2) the deformation volume required to cause a certain area to

be in contact.

Strain energy stored in bending

The multi-layered replica moulded stamp is simplified and modelled as a single-layered
homogeneous elastic membrane of Young’s modulus, E,,, and Poisson’s ratio v,,. Using
thickness-weighted average values, the Young’s modulus and Poisson’s ratio can be
expressed as Ey, = (E1h) + Exhy)/(hi+hy), and v, = (Vih + v2ha)/ (hi+h,). The elastic constants

for both material and the average value for the multilayer structure are tabulated in Table 6-1
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PDMS  PI .Thickness
weighted average
Thickness /um 500 50 550
Young’s Modulus / MPa 1 2500 218
Poisson’s Ratio 0.5 0.35 0.49

Table 6-1 Thickness weighted average values of elastic constants for multilayer structure

Following Timoshenko [6.14], Chapter 13, and Section 101, an approximate solution to the
large deflection of thin plates (i.e. deflections many times larger than their thickness) can be
obtained from the energy method. For such thin plates, the resistance to bending can be
neglected and the flexural rigidity D= ER/(12(1-v)) can be taken to be zero. The strain
energy is then due only to the stretching of the middle plane and can then be expressed solely
in terms of tensile and shear strains in the x-y plane (i.e. in the plane of the membrane). See

equation (248) of [6.14].

Assuming suitable expressions for the displacements on the membrane, and v = 0.25, the
strain energy of the membrane due to the stretching of its middle surface when a hydrostatic

pressure is applied is can be expressed as:

_Eh[5n* wg 17m*cwi  , (357% 80
75|64 a2 6 a '

______ 7 9
(6.1)
Here, 2a is the length of the square membrane, ¢ = 0. 147w02/a, W, 1S the maximum deflection
at the centre, and / is the thickness of the membrane. Using Equation (6.1) with 2 =550 um
and £ = E,, = 218 MPa, the maximum displacements measured can be related to the strain
energy in the membrane. Note that this expression assumes v = 0.25, whilst, vy, = 0.49. In the
case of large deflection of a membrane, the energy is weakly dependent on the Poisson ratio

(see e.g. [6.14, 15]) and hence equation (6.1) provides a reasonable approximation.
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Volume enclosed by deformed membrane under contact

The membrane after deformation and contact with a flat surface at a flying height s is
illustrated in Figure 6-3. The membrane is assumed to deform to a trapezoidal shape,
although the sloping edges are likely to be curved in reality. However, given the small value
of s (190 pm) compared to the base (8800 pm), the volume under the slopes is negligible

compared to the total volume enclosed.

The volume enclosed is thus approximated by the difference between two square-based
pyramids, one with a base of length /, = 8800 um, and height d, and the other of base length

[, and height (d - 5). For 0 </ <5600 um, d = sl,/(l, — /), and the volume enclosed is given by

1
AV =3 (3d- 2(d~ )

(6.2)

The normalised contact area is given by (//5600)*, where / is in um.

8800 um

A
A

l

Contact plane

Fixed Fixed

Figure 6-3 Schematic of the cross-section of the stamp fixed at the edges. In contact, the deformed stamp can be
approximated by a pyramidal shape (marked by dotted lines) and the volume enclosed by deformed membrane is

given in Equation 6.2.

180



Chapter 6 Hydraulic pCP

6.2.4 Simulation

The mechanical response of the stamp and the interaction with the substrate is investigated by
FEA in the CoventorWare package. The steady-state operation is characterised using a
mechanical solver by applying a uniform load to the surfaces of part B that are exposed to the
hydraulic fluid and computing the deformation. Exploiting symmetry, only a quarter of the
structure is simulated with appropriate boundary conditions applied to the symmetry planes.
The surround on part B is fixed to emulate the stamp when it is glued to the chuck. The
simulated model is illustrated in Figure 6-4 highlighting the relevant surfaces. In the figure,
the stamp is subjected to a load of 20 MPa and is in contact with a surface (not shown) 190

pum above the initial position.

Both deformation without contact and deformation with contact to surface at a flying height s
are simulated. Cross sectional views of the membrane under different loads are illustrated in
Figure 6-5. The upper row illustrates free deformation whereas the lower row illustrates
contact with a surface separated by 190 um. Under free deformation, the print head does
deform although much less than the membrane area, indicating that the stiffening of the print
head is successful. In contact, the local stiffening appears to be enough to avoid roof collapse.
This is quantified in Figure 6-6 which shows the variation of contact area with applied load.
Over the range simulated, no roof collapse occurred. When s = 50 um, full contact is

achieved very quickly (= 2 MPa), whereas a load of = 10MPa is required for s = 190 um.

Clearly, low operating pressures are desired to facilitate contact printing and minimise the
risk of pattern deformation. Another reason is to avoid leaks at the interface between the

membrane and the hydraulic or pneumatic chuck onto which the stamp is bonded. For
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example, the ultimate bond strength of plasma-bonded PDMS, which is a convenient method
of assembling the hydraulic stamp, is of the order of 0.5 MPa [6.16, 17]. As shown in Figure
6-6, one method of reducing the operating pressures in to use small flying height, but even
with s = 50 um, the pressure required are higher than the ultimate bond strength of plasma-
activated PDMS. Other methods of dropping the operating pressures would be to reduce the
stiffness of the membrane by e.g. increasing the length of the membrane relative to the length
of the print head, or reducing the thickness of the membrane. These aspects are beyond the

scope of this thesis but warrant further exploration.

MemMech: sm_8_hydrau_02_contact_optimised_d | 26 Oct 2010 | Coventor Data

Surround
(fixed)
head
Membrane
¥ Displacement Mag.: 1.8E-34 5.2E401 1.0E402 1.6E+02 21E+02
W un COVENTOR

Figure 6-4 Model used for simulation. Relevant surfaces/parts are labelled.
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6.3 Fabrication

In this section, replica moulding of the PDMS parts and stacking of the different layers are
described. The fabrication of the silicon masters is first described, followed by the stamp
casting process. Bonding of the different layers by using partially cured PDMS and assembly
of the membrane to the hydraulic chuck are presented next. Difficulties faced in assembling
the PDMS part to the Perspex chuck are highlighted and a modified assembly process is

finally proposed.

6.3.1 Si master fabrication

The masters used for moulding the PDMS parts are fabricated by conventional MEMS
fabrication techniques. The part A master is identical to the master of chapter 5 and is formed
using 2-level lithography and etching, while the part B master is formed by single level
lithography and etching. The main steps are illustrated in Figure 6-7a and b whilst SEMs of

the completed masters are shown in Figure 6-8a and b.

Master Substrate Master Substrate
Part A Part B
100 51 a0 aRSRSRRSERSRERRRRR0SS
_ (100) Si

1. Pattern Si by lithography and RIE 1. Grow thermal oxide

2. Thermal Oxidation 2. Pattern oxide by RIE
3. Pattern oxide by RIE, and KOH etch Si<100> | 3. KOH etch Si <100> |

4. Strip Oxide and deposit antistiction layer a) | 4. Strip Oxide and deposit antistiction layer |b)

Figure 6-7 Process flow for Si master for a) Part A, b) Part B
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For the part A master, the fine features are formed by lithography and RIE of the underlying
substrate to a depth of =10 um. The patterned substrate is then oxidised and subjected to a
second lithography step to pattern the oxide. The oxide layer is then used as mask for an
anisotropic etch of the Si(100) to a depth of 200 um using a KOH solution. The completed
structure, after removal of the masking layers, is shown in Figure 6-8a showing good

resolution of the bi-level etch, whilst the process parameters are shown in Table 6-2.

The part B master is formed by oxidising an Si(100) wafer and patterning the oxide layer by
lithography and RIE. The latter is then used as mask for an anisotropic etch, as with the part
A master. The machined master is shown in Figure 6-8b and illustrates the thick print head

backing relative to the membrane region. The process parameters are tabulated in Table 6-3.

Both masters are coated with a Teflon-like layer to facilitate demoulding.

Signal A = SE1 Date :5 Nov 2010
PhotoNo. =226  Time :17:28:57

Figure 6-8 SEMS of completed a) Part A master, b) part B master

Part A Master

Fabrication step Sub-steps Parameters

1. Print patterns Lithography - S1828, 500nm thick, Spin: 3000rpm, 1000rpm/s, 40 s
- Softbake: 65 C (HP)- 2 min, 85 C (HP)— 2min, 90 C
(Oven) — 2 min
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2. Thermal
Oxidation

3a.Pattern Oxide

3b. V-groove etch

4. Antistiction

Silicon RIE — 10
um

Resist Strip

Dry oxidation:
1.2 pm

Lithography

RIE SiO,
Resist strip

KOH etch — 200
um

Si0, strip

Passivation
phase of DRIE
(CFy)

- Exposure 460 mJ/cm?,
- Developer MIF319 (1 min)

SF¢ (30 sccm), O, (10 sccm), Base pressure 120 mTorr, RF
power 100 W,

Acetone immersion (3min), Then IPA and DI, then O,
plasma clean.

Carbolite furnace, 1100 C, 72 hours.

- AZ9260, 17 pm thick, Spinl : 500rpm, 100rpm/s, 10 s,
Spin2: 1000rpm, 500rpm/s, 40 s

- Softbake: 60 C (HP)- 3 min, 80 C (HP)- 3min, 100 C
(HP) — Imin, 90 C (Oven) — 2 min

- Exposure 1110 mJ/cm’,

- Developer :AZ400K:DI 1:4 (2.5 min)

CHF; (25 scem), Ar (25 scem), O, (2 sccm), Base pressure
30 mTorr, RF power 200 W. Duration: 60 min

1165 @ 65 C immersion (15 min). DI rinse, then O, plasma
clean.

40 % KOH solution in DI, with 1% IPA @ 80 C (~200
minutes)

CHF; (25 scem), Ar (25 scem), O, (2 sccm), Base pressure
30 mTorr, RF power 200 W. Duration: 60 min

C4Fg (120 scem), Base pressure 12 mTorr, Coil RF power
300W, frequency: HF, Platen power 20 W. Duration 120 s.
Hardbake: 150 C (HP) — Smin.

Table 6-2 Process parameters for Part A master

Part B Master

Fabrication step Sub-steps Parameters

L Therm al Dry oxidation: Carbolite furnace, 1100 C, 72 hours.

Oxidation 1.2 um

2.Pattern Oxide Lithography - AZ9260, 17 um thick, Spinl : 500rpm, 100rpm/s, 10 s,
Spin2: 1000rpm, 500rpm/s, 40 s
- Softbake: 60 C (HP)- 3 min, 80 C (HP)— 3min, 100 C
(HP) — Imin, 90 C (Oven) — 2 min
- Exposure 1110 mJ/cm’,
- Developer :AZ400K:DI 1:4 (2.5 min)

RIE SiO, CHF; (25 scem), Ar (25 scem), O, (2 sccm), Base pressure

3. V-groove etch

Resist strip

KOH etch — 200
pm
Si0, strip

30 mTorr, RF power 200 W. Duration: 60 min

1165 @ 65 C immersion (15 min). DI rinse, then O, plasma
clean.

40 % KOH solution in DI, with 1% IPA @ 80 C (~200
minutes)

CHF; (25 scem), Ar (25 scem), O, (2 sccm), Base pressure
30 mTorr, RF power 200 W. Duration: 60 min
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4. Antistiction Passivation C4Fg (120 scem), Base pressure 12 mTorr, Coil RF power
phase of DRIE 300W, frequency: HF, Platen power 20 W. Duration 120 s.
(CFy) Hardbake: 150 C (HP) — Smin.

Table 6-3 Process parameters for Part B master

6.3.2 PDMS stamp casting and assembly

This Section describes the casting of the PDMS parts and their assembly. The PDMS parts
are made of a 1:10 formulation of Sylgard 184 and the two parts are moulded separately on
their respective masters and then bonded, as illustrated in Figure 6-9. Layers are glued
together using a thin 30 um thick partially cured PDMS layer. As shown in [6.17], partially
cured PDMS exhibit higher bond strengths compared to plasma activated PDMS surfaces. In
addition, for this device, alignment is required and the partially cured adhesive allows
adjustment even after initial contact has been made. Furthermore, air bubbles are bound to be
trapped given the manual alignment process and this method is more resilient since the
trapped air pockets are confined to the thin adhesive layer and do not significantly affect the

mechanical properties of the bonded structure.

The casting and bonding process is shown in Figure 6-9 while the process parameters are
given in Table 6-4. Part B is spun cast and the PI film is attached using a partially cured
adhesive layer. Part A is replica moulded in a similar manner to form a ~200 pum thick layer.
After crosslinking, a further ~30 pm partially cured layer of PDMS is deposited as adhesive.
The Pl-part B assembly is peeled off from its master, turned upside down, aligned to part A
and contacted. Alignment and bonding can be carried out using the alignment optics of a
mask aligner (Quintel Q4000IR), but in this case, for prototyping, the PI-part B bi-layer is cut
into arrays of 4 x 2 dies and then aligned by hand to the part A wafer. After bonding, a
transparency is placed on top of the stack as a release film, followed by a flat surface (blank

Si wafer) and a 700g weight and the stack is cured on a hot plate. After cross-linking, the
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finished stamp is finally peeled off from the master and cut with scissors into individual dies.

Since the soft PDMS is always in bound by a rigid surface (either the Si master or the PI
backing) no shrinkage is induced. Moreover, because of the quasi-symmetric structure,

curling of the multilayer structure after release is minimised.

Bond PI film Spin cast part A

‘ Part A master '

Part B master |

Peel off |

Bond part B to part A

Part A master

I

Figure 6-9 Moulding and stacking of PDMS parts with PI elastic backing. At all times, the PDMS parts are held by a

rigid surface (either the Si master or the PI film).

Replica moulding part A and B and bonding

Fabrication step Sub-steps Parameters

1. Part B casting Spin Casting - Sylgard 184 (1:10), 200 pm thick, Spinl : 300rpm,
300rpm/s, 10 s, Spin2: 600rpm, 500rpm/s, 40 s
- Desiccator ~ 15 minutes
Crosslinking 90 C (HP) — 3.5 min
2. PI Bonding Spin adhesive Sylgard 184 (1:10), 30 pm thick, Spinl : 600rpm,
layer 1000rpm/s, 10 s, Spin2: 2500rpm, 1000rpm/s, 40 s
Partial curing 90 C (HP) — 1.5 min

Bond PI Place PI onto adhesive, minimising bubbles and applying

gentle pressure. Place a release film, e.g. acetate sheet, a flat
Si wafer and a 700g weight and cure at 90 C (HP) for 1 hour.

3. Part A casting Spin Casting - Sylgard 184 (1:10), 200 pm thick, Spinl : 300rpm,
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Crosslinking

4. Part B bonding  Spin adhesive
layer

Partial curing

Bonding

5. Stamp release

300rpm/s, 10 s, Spin2: 600rpm, 500rpm/s, 40 s
- Desiccator ~ 15 minutes

90 C (HP) — 3.5 min

Sylgard 184 (1:10), 30 um thick, Spinl : 600rpm,
1000rpm/s, 10 s, Spin2: 2500rpm, 1000rpm/s, 40 s

90 C (HP) - 1.5 min

Align part B dies by hand and apply gentle pressure. Place a
release film, e.g. acetate sheet, a flat Si wafer and a 700g
weight and cure at 90 C (HP) for 1 hour.

Gently peel off multilayer structure from Si master

Table 6-4 Process parameters for moulding and bonding parts A and B

Completed stamps are illustrated in Figure 6-10a and b. Figure 6-10a shows a 4 X 2 array as

photographed from the part B side of the device. The tri-layer structure is mechanically stable

and strong although it retains its flexibility. Although not quantified, the stamp appears to

maintain its flatness due to its symmetric structure. During the bonding process, some

bubbles are inevitably trapped, and these can be observed in Figure 6-10b. However, these

bubbles are restricted to the 30 pm adhesive layer and hence do not significantly affect the

mechanical behaviour of the stamp. In addition, some misalignment between part A and part

B is expected due to the manual aligning process. The latter issue can become problematic

when the hydraulic stamp is eventually used for multilevel printing and requires further

investigation.
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Figure 6-10 Optical images of finished stamp showing a) 4x 2 array peeled off from master, b) single die

6.3.3 Bonding onto hydraulic chuck

The hydraulic chuck onto which the stamp is mounted is made out of 10 mm thick Perspex
by precision machining and is shown in Figure 6-11a. The square hydraulic cavity is formed
using a computer controlled milling tool and the length of each side is 9mm and corresponds
to the size of the movable part of the stamp. Inlet and outlet ports connecting to the hydraulic
chamber are drilled in from the sides and accommodate clear PTFE tubes (RS, rswww.com,

#399-811) with bore diameter 1.01 mm and wall thickness 0.3 mm (not shown in the image).

The PDMS part and the PTFE tubing were bonded to the hydraulic chamber using a 2-part
epoxy glue (Araldite Precision). The tubing was fitted in and the epoxy polymer pasted into
the gaps around the ports and allowed to set. The Perspex surface in contact with the stamp
was roughened, cleaned and a thin layer of epoxy was applied to both the Perspex and the
surround of part B on the stamp. The PDMS-PI assembly was aligned to the chuck, and
gently pressed to make contact. An even weight was applied and the assembly was clamped
together and allowed to cure for 48 hours before any handling. A schematic showing how the

different parts fit together is shown in Figure 6-11b.
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Outlet Alignment
rails
Print
— head ]
VATATATATATAY EpOXy
b)

Figure 6-11 a) Optical micrograph of Perspex hydraulic chuck, b) schematic of PDMS membrane bonded onto chuck

6.3.4 Modified assembly process

In practice, the arrangement of Figure 6-11b was found to be prone to leakage at the interface
between the PDMS and the epoxy, presumably due to the small contact area of the PDMS
surround. This is circumvented by increasing the contact area, as illustrated in Figure 6-12a,
which shows how the PI backing is extended to a size of = 25 x 25 mm . Another problem
is that the high pressures exerted onto the membrane imply that the stamp exerts large
pressures onto the contact substrate. To ensure that the latter is held stationary, a 5 mm thick
Perspex lid with an opening over the movable region of the stamp is fabricated and bolted to
the chuck by means of adjustable screws. This is illustrated in the diagram of Figure 6-12a.
Figure 6-12b shows an optical image of the hydraulic chuck after the stamp has been bonded
using the large PI film. The contact substrate is not included for clarity, but it would be

placed between the stamp and the lid and held down firmly by tightening the screws.

To allow a large gluing area larger than the stamp surround, the fabrication process was
modified from that described in Figure 6-9. Part B was moulded, peeled off, and then bonded

to a 25 mm X 25 mm PI film. The chuck-facing surface of part B and the surrounding PI were
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then activated using mild oxygen plasma, and a thin layer epoxy was applied to the PI
surface. The part B-PI structure was then aligned and glued to the Perspex chuck as before.

Part A was spun cast, peeled off, and then aligned and placed onto the glued part B-PI layer.

Adjustable
screws

L
S

Lid i

T

Contact substrate

ceccccccceclecccdecaaay |

12 mm

\J

25 mm

A
\J

Lid and

SCrews ——— \

b)
Figure 6-12 Modified assembly of PDMS onto hydraulic chuck: a) schematic, b) photograph with the contact surface

removed
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6.4 Experimental results and discussion

In this Section, experiments are carried out on the hydraulic chuck and the results are
presented. The pipes and the hydraulic chamber are first flushed by opening the tap on the
outlet side and driving liquid through to ensure no air bubbles are trapped. The outlet tap is
then closed and a known volume, AV, is injected using a syringe driver (KDS 100, KD
Scientific Inc.) at a flow rate of 2 mL/hour. With a 5 mL or a 1 mL syringe, the resolution of

the driver is 0.01 mL.

6.4.1 Free deformation

In this Section, the contact substrate (and the supporting lid) is removed and the unrestrained
deformation of the square membrane is characterised. A known volume is injected, and the
maximum vertical displacement, w,, at the centre of the stamp is measured using a
microscope fitted with a Mitutoyo gauge. The membrane under a deformation volume of 0.1
mL, as well as with no injected liquid, is illustrated in Figure 6-13 showing a clear vertical

displacement in the centre and an increase in curvature.

Figure 6-13 Optical micrographs showing the stamp with no injected liquid (left) and 0.1 mL injected volume (right)
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In addition, 2d areal metrology of the membrane under deformation was attempted using a
white light interferometer (Wyko NT9100, Veeco Instruments Inc.). To enable reliable
imaging, the part A PDMS stamp was sputter coated with a 50 nm thick layer of Au to
increase the reflectivity of the surface. The PDMS part was then placed on the hydraulic
chuck as described in Section 6.3.4. The stamp after Au coating is illustrated in Figure 6-14
whilst the inset zooms on a single cell withing the stamp. A large number of cracks now
appear on the stamp, presumably due to ion bombardment during the sputter coating process.
Another issue is the limited numerical aperture of the objective of the microscope, which
limits the ability to capture data on sloping or curved edges. Contour maps of the membrane
with no injected water and with 0.10 mL deformation are illustrated in Figure 6-15. Note that
a low pass filter was applied to the displayed image to remove the cracks visible in Figure

6-14 and highlight the stamp features.

Figure 6-14 Optical micrograph of Au-coated stamps used for imaging. The cracks are due to the metal coating

process.

In Figure 6-15a the entire movable area of the stamp is reliably imaged whilst the lack of

data points in the membrane region of Figure 6-15b is due to the large slope. With 0.00 mL
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injection, the maximum height difference across the print head is = 10 pm, whilst with an
injection of 0.10 mL, the maximum height difference is = 140 um. As for curvature, with no
deformation, the membrane has an estimated radius of curvature of ~120mm, whilst with a

deformation volume of 0.10 mL, the radius is ~40mm.

urm
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- - 8.4 mm o

- 7.4 mm
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\

- 15.0
| - 100

- BE

- 00 £
| =5 8.1 mm s
- -10.0
- -15.0

— -200

- -250

0.00 ml 0.10 ml

- 436 — 706

a) b)

Figure 6-15 White light interferometer contour plots of membrane with a) 0.0 mL, b) 0.10 mL deformation

The variation of w, with injected volume is illustrated in Figure 6-16 and is measured using
the conventional microscope fitted with a height gauge. The maximum deflection initially
rises very quickly with injected volume and the rate of increase decreases as volume
increases. In the case of 0.01 mL injections, the deformation volume was increased in small
increments of 0.01 mL and the corresponding value of w, measured in each case. In the large
injection data set, a certain volume was injected, w, measured, and the membrane was
“deflated” by opening the tap on the outlet. This is repeated for different deformation
volumes. As illustrated in Figure 6-16, both sets of measurements show good agreement,

indicating there is no hysterisis due to inflation and deflation at the injection rate tested.
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The measured results were compared to the simulated model by relating the experimental
data to the strain energy stored by the deformed membrane using Equation (6.1). Strain
energy, rather than injected volume was used as the former was more easily extracted from
the CoventorWare software. Both plots are shown in Figure 6-17 revealing good agreement

between experiments and simulation.
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Figure 6-16 Maximum deflection at the centre of membrane as a function of injected volume
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Figure 6-17 Comparison of free deformation results from experimental set up with FEA
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6.4.2 Contact and pnCP with a hydraulic drive

For pCP experiments, the stamp and substrates were arranged as per Figure 6-12. Part A of
the stamp was inked (as described in Appendix A) prior to being placed on the hydraulic
membrane, whilst the contact substrate was placed with the Au side facing the stamp. The lid
was evenly tightened to hold the substrate flat and still against the alignment rail of the

stamp. In this configuration, the flying height, s, is 190 pm.

A known volume is injected and contact is maintained for 1 minute. The outlet tap is then
opened to retract the stamp and the substrate is replaced for another printing experiment. The
images formed after printing and etching are illustrated in Figure 6-18. For the range of
volumes tested, up to 70% of the total target area was contacted, and neither roof collapse nor

pattern deformation was observed.

0.01 ml 0.02 ml 0.03ml

Figure 6-18 Optical micrographs showing Au patterns (dark) on glass (pale/transparent). The Au patterns are

formed by pCP with different volumes and etching (as per Appendix A).

As expected, the contact area increases with deformation volume. This trend is illustrated in
Figure 6-19 where both experimental values and the trend predicted by the simplified model
(equation 6.2) are displayed. The volumes that are required to cause contact are significantly

larger than those estimated. One explanation could be the difficulty in consistently setting the
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same flying height due to the soft alignment rail. Hence, there may still be some movement of
the substrate itself as the stamp is actuated. Another possibility is the presence of trapped air
bubbles in the hydraulic cavity or pipes that are compressed as the pressure is increased.
However, the latter effect is unlikely to cause such a large difference since the system is

thoroughly flushed before actuation.

Finally, the experiment suffers from poor resolution in that the volume injected can be
controlled only to the nearest 10 pL. This can be addressed by using finer pipes and a smaller
hydraulic cavity which would enable the use of a smaller capacity syringe, thus allowing
smaller volumes to be injected. Despite these shortcomings, the proposed system provides

proof of concept for hydraulically driven uCP.
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Figure 6-19 Normalised contact area as a function of injected volume

198



Chapter 6 Hydraulic pCP

6.5 Conclusions

In this chapter, hydraulically driven pCP has been proposed and demonstrated. A tri-layered
PDMS stamp was made by replica moulding and bonded to a precision machined Perspex
chuck. Difficulties related to bonding the two parts together were identified and the stamp
design was modified to solve the problem. The modifications made implied that multi-level
operation with matching machined substrates could not be verified and hence only flat
substrates were tested. Nevertheless, single level pCP with hydraulic actuation has been
demonstrated and the proposed system serves as a springboard for further development of

this class of actuator.
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7 Conclusions

7.1 Summary

MEMS pCP printing engines are reported in this thesis. Two main versions are presented; the
first is made of Si, whilst the second is made of PDMS and is formed by replica moulding on
a microfabricated Si master. Both versions successfully harness MEMS concepts to meet the
design objectives set in Chapter 1 and provide low-cost and accessible solutions to the
problem of alignment and registration in multilevel pnCP. An overview of the findings and

achievements of this thesis is presented next.

Chapter 2 presents a novel method of depositing PDMS by spray coating. This technique
allows the integration of the soft PDMS polymer with MEMS processing by adding the
polymer after all the MEMS steps have been done. Suitable diluents are reported and
optimised coating parameters are determined. Post-processing of micro-structures is
investigated and methods of improving conformality have been explored. Functionality of the
spray coated material is shown to be similar to conventionally cast PDMS. This deposition
method contributes to the field of bio-MEMS, where PDMS and other polymers are often
used, by enabling the fabrication of novel structures such as the deposition of polymer layers

on fragile Si devices.

In Chapter 3, a c.a. 10 mm x 10 mm silicon uCP engine is designed, fabricated and
characterised. The engine is self-contained and includes the stamp, an elastic suspension and
passive alignment features that allow accurate registration to a complementary substrate. The

engine is designed to operate with both an electrostatic and a mechanical drive, but only
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mechanical operation is considered in this chapter. Single-level and two-level uCP over the
entire stamp area (5 mm x 5 mm) is successfully demonstrated. This printing engine is the

first reported pCP scheme that employs MEMS technology for self-alignment.

In Chapter 4 electrostatic actuation of the Si uCP engine is investigated. Electrostatic
operation is analysed and verified experimentally but electrostatic discharge across the air
gap is observed and uCP cannot be reliably carried out. The use of a series stabilising
capacitor combined with a low stiffness structure is shown to keep voltages below the
Paschen limit and pCP is successfully demonstrated with this approach. This work confirms

the feasibility of electrostatically driven pCP but highlights the difficulty of this method.

In Chapter 5, a polymer nCP engine based on Si version is designed and fabricated by wafer-
scale replica moulding PDMS onto a bi-level Si master. A photo-etched stainless steel sheet
is bonded to the polymer prior to demoulding to improve mechanical stability and self-
alignment is achieved with complementary groove and rail structures. Cost and complexity
are driven down thanks to the batch moulding process and therefore cross contamination can
be avoided since different stamps can be used for different inks. For the first time, six-level
uCP is demonstrated with an average layer-to-layer misalignment of 10 pum over a 5 mm x 5
mm area. This contribution is especially noteworthy as such resolutions are achieved without
external alignment optics or precision manipulation equipment and is therefore a truly low

cost and accessible solution.

In Chapter 6, the replica moulding approach is preserved and the use of hydraulics for
controlled actuation is investigated. The replica moulded puCP engine from Chapter 5 is

modified by replacing the photo-etched stainless steel layer with a plain PI film and a
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structured PDMS backing. This leads to lower operating pressures and FEA confirms pattern
fidelity. Completed engines are glued to a precision machined Perspex chuck and actuated by
injecting a controlled volume of water with a syringe driver. Reliable sealing of the engine to
the chuck, however, requires further investigation. Single level pCP using a hydraulic drive is

finally demonstrated and confirms the suitability of this novel approach.

7.2 Conclusions and Future work

nCP engines have been designed fabricated and tested, showing successful patterning of
SAM. Passive alignment has been demonstrated and the pinnacle of this work is six-level
patterning with different inks (Chapter 5) without the use of external aligning equipment.
This dissertation contributes to the fields of bio-MEMS and pCP by enabling multi-level

surface functionalization and opens up new possibilities.

Pattern fidelity 11 pm/5 mm —
(Absolute distortion / length of stamp) 0.2%
Layer-to-layer accuracy 10 yum /5 mm —
(normalised to length of stamp) 0.2%
Resolution 500 nm
Patterned area 5 mm x 5 mm

Table 7-1 Performance of replica-moulded multi-level pCP engines

The performance achieved by the replica-moulded multi-level pCP system is summarised in
Table 7-1. Pattern fidelity of 0.2% is obtained and although this value is poorer than what is
presented by others (see Section 5.3.3 for a detailed comparison), this method is cheaper and
much more accessible to non-silicon end-users. Similarly, the six-level layer-to-layer
accuracy is unique and noteworthy given that it is achieved without the need for alignment

optics. A resolution of 500 nm has been achieved but this can be reduced further with the
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availability of suitable masters. As for patterned area, further investigation is required to
determine the upper limit of the current method. The main weakness of the pCP system is the
actuation mechanism. Initial experiments (see Section 5.3.2) indicate that layer-to-layer

accuracy would improve with a better regulated deflection mechanism.

Controlled actuation has been problematic throughout, although a manual drive performs well
enough especially given the lack of other comparable solutions. Hydraulic actuation appears
to be a viable solution although improvements are required. The limiting factor for successful
hydraulic drive in the current attempt is the high operating pressure, which makes integration
of the pCP engine with the hydraulic cavity difficult. The geometry of the engine used, i.e. a
c.a. 10 mm x 10 mm stamp with a 5 mm x 5 mm print head, has been inherited from previous
iterations of the uCP engine, and if the frame was made larger with respect to the print head,
lower operating pressures could be obtained. With lower pressures, integration of the pCP
stamp to the hydraulic chuck would be facilitated and one could even envisage bonding the
PDMS engine to a hydraulic cavity made out of PDMS if pressures could be reduced to < 0.5
MPa. Such a proposed system would be very similar to the stamps of Chapter 6 and is
illustrated in Figure 7-1a. The structure would be monolithic after bonding and the volume of
the hydraulic cavity could be minimised. Fine capillaries can be drilled in and sealed using
adhesive. In fact, just increasing the size of the stamp to 20 mm % 20 mm, whilst keeping a 5
mm X 5 mm print head, would drop operating pressures enough (i.e. < 0.5MPa when s = 50
um). As shown in Figure 7-1b, with these dimensions, full contact is achieved at lower
pressures for both 50 um and 190 um separations compared to the small device at a
separation of 50 um. This simulation uses the model of Chapter 6 with larger device
dimensions. As the device gets flimsier, other factors such as static sag and stiction to the

substrate need to be taken into account. Hence, the simulation model needs to be modified to
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include these parameters and the operation of the engine verified further. Furthermore, to
enable multilevel printing, a number of engines such as the one in Figure 7-1a will be
required, and to ensure the stamps are correlated with respect to each other, a method of

bonding an array (say 2 x 2) of stamps to a 2 x 2 array of hydraulic chucks could be explored.
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Figure 7-1 a) Illustration of monolithic PDMS stamp, b) Simulation data showing operating pressure required to

induce contact with different device size
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Appendix A: Inks and Etchants for nCP

This appendix provides detailed information concerning inks, suitable substrates, etching

solutions, and practical tips regarding uCP of SAMs.

A1l Inks

For metallic substrates such as Au, alkanethiols are typically used. They have the general

formula CH3(CH;),SH and a list of suitable thiol is listed in Table A-1. As reported in[A.1],

n>9 for the formation of sufficiently ordered SAMs. In the literature, hexadecanethiol (HDT,

n=15) is most often used. However, lower weight thiols diffuse more and limit the resolution

of uCP as reported in [A.2] whilst larger molecules do not protect as well [A.3].

Alkyl chain length, | Thiol Name Molecular | Comments

n weight/g

10 Dodecanethiol 202 Shortest chain thiol that forms well ordered
(DDT), SAM, but too much diffusion

15 Hexadecanethiol 258.5 Most commonly used thiol, but diffuses.
(HDT) (HDT is the longest range thiol that is liquid

at room temp- melting point = 18 degrees)

17 Octadecanethiol 286.6 Good compromise between HDT and ECT
(OCT) [A.3]

19 Eicosanethiol 314 Does not protect as well as HDT[A.3]
(ECT)

Table A-1 Alkanethiols for pCP on Au

Typically, these thiols are diluted in ethanol to a concentration of ~ 0.1-10mM. No clear

guideline or procedure has been found in the literature, but higher concentrations tend to

crytallise and need to be warmed/ sonicated before use. In this work, unless specified

otherwise, 0.5mM HDT is used without the need for agitation. The HDT is obtained from

Sigma Aldrich U.K (Product #674516-500MG).
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A2 Substrates

Au-coated Si or glass slides are used as substrates. The metal is deposited in a d.c magnetron
sputter coater (Nordiko) and consists of a ~10 nm Ti adhesion layer followed by 30 nm thick
Au. When possible, substrates are used for pCP soon after deposition of the metal.
Otherwise, substrates are rinsed in acetone/isopropanol/ethanol and thoroughly blow-dried

with filtered dehumidified clean dry air (CDA).

A3 Stamps and inking

PDMS stamps are thoroughly rinsed (and where possible sonicated) in ethanol prior to
inking. Inking is carried out by placing a drop of the ink solution on the stamp using a pipette.
The solution is allowed to penetrate the stamp for at least 1 minute and then blown dry with
CDA until no bulk liquid could be observed. The same stamp could be used for multiple
prints, although, for consistency, the cleaning and inking procedure is repeated in between

prints.

A4 Printing

nCP is carried out by placing the inked and dried stamp onto the substrate, and maintaining
contact for 30s. Light pressure is required to make contact, especially when the PDMS stamp

is affixed to a rigid layer.

AS Etchants

Suitable etchants that attack Au but not the thiol-covered regions is summaried in [A.4]
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A potassium ferrycianide based etchant is used primarily for safety and convenience reasons.
Also, [A.5] suggests that this etchant is more selective. The composition of the solution is:
Potassium thiosulphate, K,S,0; (0.1M), Potassium hydroxide, KOH (1M), Potassium
Ferricyanide, K3Fe(CN)g (0.01M), and DI water is used as diluent. A typical recipe: S0ml

DI, 28g KOH, 01645g K3F€(CN)6, 09515g K28203.

The etch rate for a freshly prepared solution is ~5Snm/min, and a 7 minute long etch provides
good contrast with 30nm thick Au. The solution oxidises very quickly and the etch rates

drop.

A method of improving the resilience to defects is to add a small amount of Potassium
Ferrocyanide, K4Fe(CN)s (0.001M) to the mixture. For a 50 ml DI solution, this amounts to

0.0211g of K4Fe(CN)g.Etch rate is not noticeably affected.
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