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FORMATION OF ELECTRODES ON A POLYMERIC BODY

Field of the Invention

The present invention relates to a method of forming electrodes on a polymeric body and a

polymeric body having a metal electrode pattern attached thereto.

Background

It is challenging to fabricate electrodes on soft and stretchable substrates due to the
significantly different chemical and physical properties of polymers, such as elastomers,
when compared to silicon, glass or foil substrates on which electrodes are more commonly
fabricated. These differences generally result in: higher densities of defects, including cracks
in the substrate and/or in the electrodes; limited resolutions when using conventional
electrode patterning methods; poor adhesion of electrode materials to the substrate; and low
surface areas of the electrodes, which can be particularly problematic in the context of bio-

sensors and other wearable or implantable bio-electronic devices.

Conventional methods of fabricating electrodes can be grouped into four main categories:
lift-off, wet etching, shadow masking and pattern transfer. Lift-off is unsuitable for use on
some classes of polymeric substrates(such as elastomeric substrates)with current
commercial resists, as differences in coefficient of thermal expansion result in cracks in the
protective mask, forming unwanted patterns and shorts in the final device. Wet etching
requires the use of toxic agents, such as gold etchants or hydrofluoric acid, which are too
readily absorbed by polymers, such as PolyDiMethylSiloxane (PDMS), due to their porous
and loose structure. Moreover, dense electrode patterns are problematic to fabricate with
this method due to the undercuts formed by the wet etching. Shadow mask-based
patterning methods can only provide limited electrode pattern resolutions. Pattern transfer
has some promise for forming electrodes on non-planar substrates, as demonstrated by
Smythe et al., A Technique to Transfer Metallic Nanoscale Patterns to Small and Non-Planar
Surfaces, ACS Nano, Vol. 3, No. 1, 2009 pp.59-65, but their method involves stamping
which results in the loss of metal features. More recently, Byun et al., Microcontact Printing
Using Flexible Flat PDMS Stamps with Metal Embedment, Proc. 2012 IEEE Nanotech. Mat.
& Dev. Conf., October 16-19, pp.33-33have developed an alternative pattern transfer
technique, but it requires the manual peeling of the PDMS at the end of the process, which

can easily cause damage to the elastomer and also places limitations on the thickness of the
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same. The technique is thus acceptable for making laboratory prototypes but is not easily

scalable for industrial adoption.

Brosteaux et al., Design and Fabrication of Elastic Interconnections for Stretchable
Electronic Circuits, IEEE Electron Device Letters, Vol. 28, No. 7, July 2007, pp.552-554
propose a method for embedding metal interconnections in highly elastic silicone film. A
limitation of this method is that the stretchability of the metal interconnections is obtained by
a 2-D spring pattern encapsulated in the neutral axis of an elastomeric compound in order to
reduce the linear strain applied to the same metallic interconnections. As such, the method
is not suitable to develop linearly stretchable interconnects, and neither is it suitable to
develop stretchable electrodes that expose a relatively high surface area to the environment,
as desirable in applications such as chemical, electro-chemical and bio-sensors. Thus it
would be desirable to provide improved techniques for fabricating electrodes on a polymeric

body that overcome limitations of known techniques.

Summary

Accordingly, in a first aspect, the present invention provides a method of forming electrodes
on a polymeric body, the method including:

forming a sacrificial layer on a substrate;

forming an metal electrode pattern on the exposed surface of the sacrificial layer;

attaching a polymeric body to the exposed surface of the metal electrode pattern;
and

dissolving the sacrificial layer to detach the metal electrode pattern and the polymeric
body from the substrate, the metal electrode pattern remaining attached to the polymeric
body;

wherein the exposed surface of the sacrificial layer has an Rrus roughness which is
at least 5% of the thickness of the metal electrode pattern, and the metal electrode pattern is
formed on the exposed surface of the sacrificial layer such that the metal electrode pattern

conforms to the roughness of the exposed surface of the sacrificial layer.

Advantageously, by forming the sacrificial layer such that its exposed surface has an Rrus
roughness which is at least substantial proportion of, and indeed may be greater than, the
thickness of the metal electrode pattern, the metal electrode pattern can be forced to have a
substantially equal roughness at its exposed surface which attaches to the polymeric body.

This provides a high surface area on both sides of the metallic electrode layer e.g. for
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improved adhesion of the metal electrode pattern to the polymeric body, on one side, and
improved sensitivity in sensor applications, on the other side, where the high surface area
electrode is used to form the active or working electrode part of a chemical, electrochemical
or bio-sensor device. It also helps to make the electrode pattern more tolerant to stretching

without loss of conductivity, i.e. the pattern is less susceptible to breakages.

More particularly, the polymeric body can be a stretchable element in order to secure its
mechanical compliance with human or animal tissue, such as the outer surface of skin (e.g.
for skin-wearable device applications) or inner organs (e.g. heart, brain, muscle, cochlea
etc.). Thus desirably the performance of the metal electrode pattern should not substantially
change for controlled levels of stretchability of the polymeric body. This can be achieved by
controlling the surface roughness of the exposed surface of the sacrificial layer on which the
metal electrode pattern is formed according to the proposed method. Similarly, the
controlled surface roughness helps to reduce the risk of delamination of the metal electrode

pattern due to differential thermal expansion effects.

Another advantage of the method is that the roughness of the exposed surface of the

sacrificial layer is readily customisable depending on the resolution of the electrode pattern.

A further advantage of the method is that it is compatible with forming a high resolution metal
electrode pattern. Indeed, more generally, the method is compatible with conventional
lithographic techniques and thus is industrially scalable. Related to this, it is cost effective
and reproducible, and can be implemented using a conventional microelectronics
manufacturing line. Nonetheless it can overcome limitations of conventional fabrication
techniques in regard of electrode fabrication on soft and stretchable substrates, such as
polymeric bodies. Also, by attaching the polymeric body to the exposed surface of the metal
electrode pattern only after the pattern has been formed, it is possible to avoid having to

form (and subsequently remove) a protective layer on the polymeric body.

Surface roughness, otherwise named roughness, is a component of surface texture, which is
guantified by the deviations in the direction of the normal vector of a real surface from its
ideal form. It is often referred to in terms of average surface roughness, which is the
average value of said deviations in the direction of the normal vector of the actual surface
from its ideal form. Rgrums is @ commonly used parameter for characterising average surface
roughness. Rrus is the root mean square average of the roughness profile ordinates of a

given surface profile, and gives a good general description of height variations in a surface.
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Equipment and corresponding techniques that can be adopted to characterize surface
roughness in terms of Rrus include mechanical or optical profilometry, Atomic Force
Microscopy (AFM), Scanning Electron Microscopy (SEM), Focused lon Beam (FIB)

microscopy, Transmission Electron Microscopy (TEM), and others.

The method may have any one or, to the extent that they are compatible, any combination of

the following optional features.

Preferably the metal electrode pattern is only formed on a surface of the sacrificial layer
having the specified Rrus roughness (i.e. at least 5% of the thickness of the metal electrode
pattern). That is, preferably no part of the metal electrode pattern is formed elsewhere on
the surface of the sacrificial layer which may have a different (and particularly lesser)
roughness. In this way, the entirety of the interface between the metal electrode pattern and
the polymeric body can benefit from the roughness inherited by the metal electrode pattern

from the sacrificial layer.

Preferably, the Rrus roughness of the exposed surface of the sacrificial layer is measured by
AFM.

The polymeric body can be an elastomeric body.

Preferably the exposed surface of the sacrificial layer has an Rgus roughness which is at

least 10% or 50 % of the thickness of the metal electrode pattern.

The exposed surface of the sacrificial layer may have an Rrus roughness which is at most
150%, and preferably at most 100%, of the thickness of the metal electrode pattern. Thus
the Rrus roughness can be of the same order of size, or even greater than the thickness of

the metal electrode pattern.

Advantageously, the method of forming electrodes allows dense patterns to be created. The
metal electrode pattern may have a thickness of at most 10 um, and preferably of at most
1pum, 100 nm or 50 nm. The metal electrode pattern may include elongate electrode tracks
having a width of at most 50um and preferably of at most 10 um, 1 pum or 100 nm, and/or
having a spacing between adjacent tracks of at most 50 um and preferably of at most 10 um,
1 »um or 100 nm. The method can be particularly suitable for forming electrodes having low

thicknesses (e.g. less than 1um) and/or electrode tracks with narrow widths.
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Conveniently, the substrate on which the sacrificial layer is formed (e.g. deposited or
developed) may be formed of glass, plastic, silicon, mica or another substrate material
serving as temporary carrier, during forming (e.g. deposition and patterning) of the metal

electrode pattern.

Conveniently the sacrificial layer is water insoluble. This helps to make the method
compatible with fabrication processes (e.g. electrode patterning processes) that employ
aqueous solutions. The sacrificial layer may be formed of a metal, such as titanium,
chromium, aluminium, zinc or molybdenum, or a metal oxide such as an oxide of aluminium,
zinc or molybdenum. Advantageously, a sacrificial layer formed of such a material can be
dissolved in a simple acid, base or salt solution (the chemical species of the solution

producing a reaction with the sacrificial layer which allows it to dissolve in water).

Conveniently the sacrificial layer may be formed by Physical Vapour Deposition (PVD),
Chemical Vapour Deposition (CVD), electroplating or solution processing. However, this
does not exclude the use of other methods known to the skilled person to form the sacrificial
layer. Possible PVD techniques are sputtering, thermal evaporation and e-beam
evaporation. The roughness of the sacrificial layer can be enhanced, for example by the
initial formation of a rough seed sub-layer at the base of the sacrificial layer, and/or by

subsequent high temperature annealing of the sacrificial layer.

The metal of the metal electrode pattern may be deposited on the exposed surface of the
sacrificial layer by PVD (e.g. sputtering, thermal evaporation or e-beam evaporation). The
patterning of the metal electrode pattern can be produced by lithography, followed by lift-off
or wet etching. The metal electrode pattern may be a single layer, e.g. a single gold layer.
Another option is to form it as a multi-layer with e.g. a more conductive over-layer (such as
gold), and a more adhesive under-layer (such as titanium or chromium) for attachment to the

substrate.

The method may further include surface treating the exposed surface of the metal electrode
pattern before the attachment of the polymeric body to improve the adhesion of the
polymeric body to the metal electrode pattern. For example, the exposed surface of the
electrode pattern may be treated with organosilane, e.g. an alkoxysilane such as 3-

mercaptopropyltrimethoxysilane.
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The attachment of the polymeric body to the exposed surface of the metal electrode pattern
may be performed by pouring or spin coating a polymer onto the exposed surface of the
metal electrode pattern and then curing the polymer to form the polymeric body. Another
option is to attach the polymeric body to the exposed surface of the metal electrode pattern
by mechanically pressing the polymeric body against the exposed surface of the metal
electrode pattern. In this case, the method may further include surface treating the
polymeric body, e.g. by oxygen plasma treatment, before pressing to improve the adhesion
of the polymeric body to the metal electrode pattern. Yet another option is for the polymeric
body to be formed through vapour deposition onto the exposed surface of the metal
electrode pattern. Approaches such as pouring, spin coating and vapour deposition allow
the polymeric body to be moulded around the metal electrode pattern. Therefore, when the
sacrificial layer is dissolved, the revealed surfaces of the metal electrode pattern and the
polymeric body can be flush with each other. As a result, the metal electrode pattern can

end up being located in a matching recess formed in the polymeric body.

The polymeric body may be formed of PolyDiMethylSiloxane (PDMS) or another compound
with suitable mechanical, chemical and physical characteristics, such as e.g.
PerFluoroPolyEther (PFPE), PolyLacticAcid (PLA), PolyLacticGlycolicAcid (PLGA),
Thermoformed PolyUrethane (TPU), poly(para-xylene) (such as Parylene or Parylene-C),
and the like. Poly(para-xylene), in particular, can conveniently be formed by vapour

deposition.

The method may further include reactive ion etching (e.g. with CF4, Ar, O. or Cl,) the outer
surface of the metal electrode pattern which faces away from the polymeric body after the
dissolution of the sacrificial layer. This can help to clean any remaining material of the

sacrificial layer, and/or to change the surface profile of the outer surface.

In a second aspect, the present invention provides a polymeric (e.g. elastomeric) body
having a metal electrode pattern attached thereto, the metal electrode pattern having an
outer surface facing away from the polymeric body, which outer surface has an Rrus

roughness which is at least 5% of the thickness of the metal electrode pattern.

Thus the polymeric body and its metal electrode pattern can be formed by the method of the

first aspect.
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Typically, the metal electrode pattern has an inner surface which forms an attachment
interface with the polymeric body, which inner surface has an Rrus roughness substantially
equal to the Rrus roughness of the outer surface. Indeed, preferably the entirety of this
inner surface has an Rrus roughness substantially equal to the Rrus roughness of the outer

surface. This helps to prevent delamination of the metal electrode pattern in use.

The metal electrode pattern may be located in a matching recess formed in the polymeric
body.

The polymeric body and its metal electrode pattern may have any one or, to the extent that

they are compatible, any combination of the following optional features.

The outer surface of the metal electrode pattern may have an Rgrus roughness which is at

least 10% or 50% of the thickness of the metal electrode pattern.

The outer surface of the metal electrode pattern may have an Rrus roughness which is at

most 150%, and preferably at most 100%, of the thickness of the metal electrode pattern.

The metal electrode pattern may have a thickness of at most 10 um, and preferably of at
most 1um, 100 nm or 50 nm. The metal electrode pattern may include elongate electrode
tracks having a width of at most 50 um and preferably of at most 10 um, 1 um or 100 nm,
and/or having a spacing between adjacent tracks of at most 50 um and preferably of at most

10 um, 1 pm or 100 nm.

The metal electrode pattern may be a single layer, e.g. a single gold layer. Another option is
for the metal electrode pattern to be a multi-layer with e.g. a more conductive inner-layer
(such as gold), and a more adhesive outer-layer (such as titanium or chromium) for

attachment to the substrate.

The polymeric body may be formed of PolyDiMethylSiloxane (PDMS) or another compound
with suitable mechanical, chemical and physical characteristics, such as e.g.
PerFluoroPolyEther (PFPE), PolyLacticAcid (PLA), PolyLacticGlycolicAcid (PLGA),
Thermoformed PolyUrethane (TPU), poly(para-xylene) (such as Parylene or Parylene-C),
and the like.
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Brief Description of the Drawings

Embodiments of the invention will now be described by way of example with reference to the

accompanying drawings in which:

Figure 1 is a photograph of a square polymeric body on which gold electrode patterns have

been formed, the polymeric body being held between the tips of a tweezer;

Figure 2 is a micrograph of adjacent gold electrode tracks from one of the patterns of Figure

1, the tracks having a width of 10 um;

Figure 3 shows: (A) an AFM image and (B) an SEM micrograph for an aluminium layer
sputtered at a 25°C processing temperature, (C) an AFM image and (D) an SEM micrograph
for an aluminium layer sputteredat a 100°C processing temperature, and (E) an AFM image
and (F) an SEM micrograph for an aluminium layer sputteredat a 200°C processing

temperature;

Figure 4 shows representative surface roughness profiles for the three layers of Figure 3 as

measured by AFM; and

Figure 5 shows: (A) an AFM image and (B) an SEM micrograph for a sputtered aluminium
layer annealed at 200°C, (C) an AFM image and (D) an SEM micrograph for the sputtered
aluminium layer annealed at 300°C, and (E) an AFM image and (F) an SEM micrograph for

the sputtered aluminium layer annealed at 600°C;

Figure 6 illustrates steps in the transfer of a high resolution gold pattern onto a PDMS elastomer

via an aluminium sacrificial layer;

Figure 7A shows a dark field optical image of a gold mesh patterned on PDMS, Figure 7B
shows a scanning electron microscope (SEM) image of the gold mesh, Figure 7C shows a
magnified SEM view of part of the mesh, and Figure 7D shows an atomic force microscope

(AFM) image of the roughness of the gold film which forms the mesh;

Figure 8A shows schematically a gas sensing setup, and Figure 8B shows |-V
characteristics of fabricated nano-resistors on respectively PDMS and silicon in ambient

conditions;



10

15

20

25

30

WO 2018/096094 9 PCT/EP2017/080330

Figure 9 shows changes in resistance with time normalized to an initial resistance (t = 0) of
resistors fabricated on PDMS and silicon toward four different vapours being (A) chloroform

(B) toluene, (C) isopropyl alcohol and (D) water vapour; and

Figure 10 shows electrical responses of the PDMS device at different concentrations of

being (A) chloroform (B) toluene and (C) water vapour.

Detailed Description and Further Optional Features

Overview

The present invention provides a multi-step method of forming electrodes on a polymeric

body. These steps are described in detail below.

Step 1 — Formation of sacrificial layer on substrate

A sacrificial layer is deposited by metal deposition techniques or electroplating on e.g. a
glass, plastic or silicon substrate. Using such a substrate helps to make the subsequent
sacrificial layer removal operation industrially scalable and repeatable. The thickness and
roughness of the sacrificial layer (which can be e.g. aluminum, zinc, molybdenum or an
oxide of any one thereof) can be easily controlled by process parameters such as deposition
time, deposition rate, RF power, pressure and temperature. The roughness can be further
increased by an initial deposition of a rough seed sub-layer at the base of the sacrificial
layer, or by subsequent high temperature annealing of the sacrificial layer. Preferably the
sacrificial layer is water insoluble in order to be compatible with other fabrication processes

that employ aqueous solutions.

Step 2 — Formation of metal electrode pattern on sacrificial layer

Metal can be deposited on the exposed surface of the sacrificial layer by techniques such as
sputtering, thermal evaporation or e-beam evaporation. A pattern can be formed in the
deposited metal by utilizing known lithographic processes such as photolithography or e-
beam lithography followed, for example, by lift-off or wet etching. The metal electrodes
formed may include a relatively conductive over-layer (typically gold) and also a relatively
adhesive under-layer (typically titanium or chromium). The thickness of the deposited metal
is such that the Rrus roughness of the exposed surface of the sacrificial layer is at least 5%
of that thickness. Moreover the deposited metal conforms to the roughness of the sacrificial

layer. This helps to ensure that an equal or similar degree of roughness is formed in the
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deposited metal’s opposite (exposed) surface. Typically, this surface has an Rrus
roughness which is from 10% to 150% of the thickness of the deposited metal. Thus the
method allows precise control of the electrode surface roughness as percentage of its
thickness, thereby achieving precise control of mechanical, electrical and electrochemical

characteristics of the electrode.
Step 3 (optional) — Surface treatment of metal electrode pattern

After the metal electrode pattern is formed on the sacrificial layer, the pattern’s exposed
surface can be surface treated to improve its subsequent adhesion to the polymeric body.
For example, a gold electrode pattern can be treated with an alkoxysilane, such as 3-
mercaptopropyltrimethoxysilane. Other metal electrode patterns can also benefit from
surface treatment with an organosilane. In particular, silanes can form a strong bond to

PDMS polymeric body.
Step 4 — Attachment to polymeric body

The metal electrode pattern formed on the sacrificial layer is then brought into direct contact
with a polymeric body. This can be done in various ways. One option is to form the polymer
directly on the exposed surface of the metal electrode pattern. For example, PDMS can be
poured or spin coated to the desired thickness on the pattern, and then cured. Another
option, however, is to mechanically press a sheet of polymer directly against the pattern’s
exposed surface. In this case, the polymer can benefit from a surface treatment, such as
oxygen plasma treatment, to improve its adhesion to the metal of the pattern of the polymer.
Other possible polymers are e.g. PFPE, PLA, PLGA, TPU and poly(para-xylene) (e.g.
Parylene or Parylene-C). Conveniently, a poly(para-xylene) body can be formed on the

exposed surface of the metal electrode patternby vapour deposition.
Step 5 — Removal of the sacrificial layer

Next the sacrificial layer is removed by dissolution. Preferably this achieved by dissolving
the layer in anon-toxic etching solvent, such as a simple acid, base or salt solution.

Preferably the solution is selected to avoid or reduce damage to the pattern and the polymer.
Step 6 (optional) — Reactive ion etching

A final reactive ion etching cleaning step can be performed to ensure complete removal of

the material of the sacrificial layer from the metal electrode pattern. For example, a
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transition metal such as titanium or chromium maybe used as the sacrificial layer for a gold
electrode pattern. These transition metals dissolve in the etching solution used in the
previous step, but reactive ion etching with e.9.CF4 Ar, Oy, or Cl; can help to remove any

residual transition metal.

Figure 1 is a photograph of a square polymeric body on which gold electrode patterns have
been formed by the above method, the polymeric body being held between the tips of a
tweezer. Figure 2 is a micrograph of adjacent gold electrode tracks from one of the patterns

of Figure 1, the tracks having a width of 10 um.
The method provides the following advantages:

o The metal electrode pattern can have a high resolution, with a thickness which may
be less than 50 nm, and with tracks having a width and/or a spacing of at most 100
nm. Even at such high resolutions, unwanted patterns and shorts can be avoided.
This is made possible by forming the pattern initially on a rigid substrate, enabling the
use of known lithographic processes. The metal electrode pattern can thus have a
precisely defined footprint, including for example pad and elongated (stretchable)
interconnecting structures in a wide range of geometries and sizes.

o The method does not require the use of toxic etchants.

o The method is highly scalable. In particular, the sacrificial layer can be etched away
easily with complete pattern transfer after process optimization.

o The method provides good adherence of the metal electrode pattern to the polymeric

body.

The method also enables a high degree of control over the roughness of the interface
between the metal electrode pattern and the polymeric body, and over the roughness of the
outer surface of the pattern (i.e. the surface which was in contact with the sacrificial layer).

Having a high level of interfacial and outer surface roughness can be exploited for:

¢ |Improved adhesion of the metal electrode pattern onto the substrate.

* |mproved stretchability of the metal electrode pattern. In particular, the surface
roughness allows the pattern to “flatten out” on stretching without the propagation of
cracks across the full thickness of the electrodes

¢ Production of highly active surface areas for enzyme immobilization, which are useful

in electrochemical sensing applications.
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To illustrate the degree of control that can be exercised over the roughness of the sacrificial
layer and thereby over the surface roughness of the metal electrode pattern, aluminium
sacrificial layers 800 nm thick were sputtered onto a substrate at three different processing

temperature of 25°C, 100°C and 200°C using the following process conditions:

RF power: 1100 W

Target power: 900 W
Pressure: 2.1x10-* mbar
Target: Al (99.999%)

Base pressure: 2.5 x 10> mbar

Deposition time: 15 min

Figure 3 shows: (A) an AFM image and (B) an SEM micrograph for the 25°C processing
temperature, (C) an AFM image and (D) an SEM micrograph for the 100°C processing
temperature, and (E) an AFM image and (F) an SEM micrograph for the 200°C processing
temperature. The Rgrus roughness values (measured by AFM at different surface locations
for each sample layer, and then averaged) for the three different layers, given as absolute

values in nm and as percentages of the thickness of the layers, were:

25°C:6.5nm, 8.1%
100°C: 9.2 nm, 11.5%
200°C: 16.5 nm, 20.6%

Figure 4 then shows representative surface roughness profiles for the three layers as

measured by AFM.

Control of roughness can also be exercised through post-sputtering processing. Thus the
aluminium layer formed at a processing temperature of 25°C was annealed for 10 minutes
under vacuum conditions at different annealing temperatures of 200°C, 300°C and 600°C.
Figure 5 shows: (A) an AFM image and( )B an SEM micrograph for the 200°C annealing
temperature, (C) an AFM image and (D) an SEM micrograph for the 300°C annealing
temperature, and (E) an AFM image and (F) an SEM micrograph for the 600°C annealing
temperature. The Rrus roughness values (measured by AFM at different surface locations
for each sample layer, and then averaged) for the three different layers, again given as

absolute values in nm and as percentages of the thickness of the layers, were:
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200°C: 11.6 nm, 14.5%
300°C: 9.8 nm, 12.3%
600°C: 4.9 nm, 6.1%

A polymeric body having a metal electrode pattern fabricated thereon according to the above
method can be a form of soft and/or stretchable electronics that can potentially find
numerous applications in e.g. healthcare, fitness and entertainment. For example, it can be
used to produce wearable health monitors, and new kinds of implantable sensors and
molecular (bio)sensors that are mechanically compliant so that they conform well to the
body.

Example

Next a more detailed example of fabrication using the method of the present invention is
described. The example is the direct fabrication of a high resolution resistor on PDMS for

use as a volatile organic compounds (VOC) sensor.

A thin aluminium sacrificial layer was used in the example, the aluminium being compatible
with conventional lithographic techniques. The aluminium layer combines ease of removal
with low stresses and ease of template stripping. It can also be applied to create a relatively
low roughness surface for high resolution patterning. Hence it enables a conducting device
(i.e. metal electrode pattern) in the nanometre dimension range to be transferred onto a
range of spin casted polymers such as PDMS. The sensor produced by the method
accommodates swelling of PDMS. In particular, the conducting device can have a “mesh”
design for extended coverage in the vertical and lateral directions. Figure 6 illustrates steps

to fabricate high resolution and conductive gold structures onto the PDMS elastomer.

A rigid sacrificial layer of approximately 150 nm thick aluminium was sputtered onto a blank
silicon substrate. The electrode pattern used for gas detection was then defined by electron
beam lithography (EBL) and a 4 nm thickness of titanium active layer followed by a 50 nm
thickness of gold were deposited via e-beam evaporation, the titanium helping to adhere the
gold on the aluminium surface. After lift-off, the sample was immersed in 3-mercaptopropyl
trimethoxysilane (MPTMS) solution to create a stable bond between gold and PDMS (as
reported in Lee, K. J.; Fosser, K. A.; Nuzzo, R. G. Adv. Funct. Mater. 2005, 15 (4), 557-566,
and Byun, I.; Coleman, A. W.; Kim, B. J. Micromech. Microeng 2013, 23, 85016—-10). Next,

degassed PDMS was spin-casted on the patterned aluminium and the sample cured at room
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temperature. Finally, the sacrificial layer was etched in diluted hydrochloric (HCI) solution to

release the gold/titanium embedded PDMS with low induced stress.

Figure 7A shows a dark field optical image and Figure 7B shows a scanning electron
microscope (SEM) image of the gold mesh patterned on PDMS. This structure remained
highly conductive on the PDMS, suggesting that there was little or no breakage of the
metallic layer. In particular, as the elastomer was not subjected to heat treatment, wrinkling
or buckling of the thin gold metal film on the PDMS was not observed. Figure 7C shows a
magnified SEM view of the device, and confirms that width of the tracks making up the gold
mesh was about 400 nm. The gold film was observed to have a granular structure (average
grain diameter of 111 nm) consistent with the metal being grown directly on the sputtered
aluminium. Physical vapour deposition of aluminium is governed by small nucleation and
slow island growth, and also the competitive growth of the metallic atoms on the silicon
substrate. The aluminium sputtered onto the flat surface of the silicon had an Rrus
roughness of about 9.6 nm, as demonstrated by Figure 7D which shows an atomic force
microscope (AFM) image of the roughness of the gold film which inherits the roughness of

the sacrificial aluminium.

The electrical response (current, |, versus voltage, V) of the fabricated device was
characterised under a controlled environment using the setup shown schematically in Figure
8A.

More particularly, the device was connected onto a printed circuit board (PCB) via silver
paste and thin copper leads. The device was then loaded in a chamber, which was sealed
with O-rings, while the PCB was connected to Keithley™ Source Measurement Units
(SMUs) located outside the measurement chamber. Using this set-up, the |-V
characteristics of the mesh structure transferred on to PDMS were compared with those of
similar devices fabricated directly on silicon. Similar electrical responses were observed
between the devices made on PDMS and their silicon counterparts as shown in Figure 8B
where values of electrical resistance, R (V/I), of 146 Q and 150 Q were measured on PDMS

and on silicon respectively.

Using calibrated mass flow controllers (MFCs), gas sensing measurements of chloroform,
toluene, isopropyl alcohol (IPA) and water vapour at various concentration were performed,
achieved via dry air dilution. In these measurements, a continuous total air/vapour flowrate

of 500 sccm into the system was fixed. Without any air dilution, the entire airflow to the
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bubbler was directed, as shown Figure 8A, to displace the saturated vapour of chloroform,
toluene, IPA and water with respective concentration of 440000 ppm, 38000 ppm, 63530
ppm and 25260 ppm for 30 seconds. The device was then allowed to recover for 10 minutes

before the next pulse.

Figure 9 shows the measured changes in resistance with time normalized to the initial
resistance (t = 0) of the resistor fabricated on PDMS in comparison with a resistor fabricated
on silicon toward (A) chloroform, (B) tolulene, (C) IPA and (D) water. Consistent electrical
responses were obtained across measurements of the same compound, but different
behaviours towards the vapours were observed due to the distinct interactions of these

molecules with the PDMS active layer.

Thus when subjected to chloroform vapour, the resistance of the device fabricated on PDMS
increased by about 43 Q, whereas no change was detected on the silicon nano-resistor, as
illustrated in Figure 9A. This suggests that the nano-resistor on PDMS was mechanically
stressed due to the swelling of the elastomer, as chloroform is a halogenated organic solvent
with a high solubility parameter of 9.2 cal”*cm-2. Full recovery of the device was also
observed, as the value of R dropped back to the baseline within 3 minutes after dry air was
flushed through the system. Likewise, the PDMS swelled in the presence of saturated
toluene vapour, as a AR of about 37 Q was recorded as shown in Figure 9B. However, not
only was the device unable to make a full recovery within 10 minutes, but the baseline R
increased after each toluene pulse, as shown in Figure 9B. This can be explained by the
high affinity of toluene towards the elastomer and the higher boiling point (b.p.) of toluene
(about 110 °C) compared to chloroform (about 61.5 °C), which renders the removal and
evaporation of the toluene molecules more difficult once they diffuse through the PDMS. To
facilitate the recovery of the sensor, the device can be heated after toluene exposure to
promote the diffusion of the toluene molecules from the PDMS. In the case of propanol
(Figure 9C), no changes were observed within the 30 seconds pulse intervals. This could be
due either to the insignificant stretching of the resistor or the slower swelling response of the
PDMS as propanol is more polar in nature, leading to a stronger repulsion of propanol
molecules by the hydrophobic PDMS surface. From Figure 9D it was observed that the
value of R of the device decreased slightly with water vapour, a AR of about -1.5 Q being
measured. This can be explained by the fact that the nano-resistor embedded in the
polymeric network was already subjected to stress due to swelling responses which can

result in discontinuities in the film. As water vapour was being adsorbed onto the grains of
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gold or any residual titanium (which has a strong gettering effect), the conductivity of the
VOC sensor will be improved. At each injection point of water vapour into the chamber, the
molecules shorted the mesh on the PDMS resulting in a more conductive pathway between
the contacts. In contrast, this was not observed with the more rigid silicon reference device,
which instead demonstrated a gradual drift in R of +2 Q over the measurement time. The
results therefore suggest that PDMS has a preferential selectivity towards compounds of

high hydrophobicity and solubility parameter values close to PDMS.

The nano-resistor fabricated on PDMS was then characterized in chloroform, toluene and
water vapour at various concentrations as shown respectively in Figures 10A to 10C. The
saturated vapour of the corresponding solvent from the bubbler was diluted with dry air at
varying flow rates. Chloroform vapour of 75000 ppm was injected into the system until the
value of R reached a steady state. The measurements were repeated with lower
concentrations of the same vapour at 5000 ppm intervals. Chloroform down to 10000 ppm
was detected with an applied voltage of 1 mV. Over the concentration range tested, the
nano-resistor exhibited a linear response toward chloroform with a sensitivity of 2.18 x 104

Q/ppm as shown in Figure 10A.

The VOC sensor also responded to toluene vapour at concentrations as low as 1000 ppm.

In addition, concentrations as low as 200 ppm of toluene vapour were detected when the
signal to noise ratio of the nano-resistor was improved by increasing the applied voltage by a
further 0.5 mV to 1.5 mV. A linear response to toluene vapour was observed at
concentrations up to 10000 ppm followed by an exponential increase in AR as shown in
Figure 10B. Despite an earlier study (Choi, J.; Zhang, H.; Du, H.; Choi, J. H. ACS Appl.
Mater. Interfaces 2016, 8 (14), 8864—-8869) reporting that PDMS swells more in chloroform
than toluene liquid, the converse was observed when performing the measurements in these
two organic vapours. The more sensitive behavior of the nano-resistor on PDMS towards
toluene vapour could be correlated to the closer resemblance of Hildebrand value: § =

c'/2 = (=U/V)/?2, where c (cal/cm?) represents the cohesive energy value, U represents the
molar internal energy (cal/mol) and V represents the molar volume (cm3/mol). Another
contributing mechanism is the non-polarity of toluene with an electronegativity value of 3.86
eV compared to 5.51 eV for chloroform, resulting in strong affinity of toluene vapour which

produced a stronger interaction with PDMS in these experiments.

Water vapour affected the device electrical responses above a 8000 ppm threshold value, as

shown in Figure 10C. However, no clear trend was observed beyond this threshold.
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To ascertain that the VOC sensor can be used for real-time monitoring, the effect of
temperature on AR was also calibrated. The experiments showed that the value of R of the
nano-resistor increased by only ~ 2 Q for every increase in 10 °C of the surroundings, which
is negligible compared to the AR values observed for chloroform and toluene. However,
further optimization may improve the sensitivity and selectivity of the sensor. This can be
achieved by changing any one or more of: the polymer composition, the active layer, the

metallic layer, the configuration of the resistor, and the structure of the polymeric layer.

The fabrication method can be modified for applications that require a flat interface or
standalone structures below 50 nm, such as waveguides, gratings and stamps with
embedded metal for nanoimprinting. To achieve such high resolution features, the surface
roughness of the sacrificial layer can be reduced by sputtering the aluminium layer directly
on freshly cleaved mica instead of silicon for template stripping. In this way, the resulting
Rrms roughness of the sacrificial aluminium layer can be reduced by about 80 fold to as low
as 0.121 nm. To confirm the viability of the method for high resolution patterning on PDMS,
gold/titanium features of about 25 nm in dimensions were successfully fabricated on the

flatter aluminium surface and successfully transferred onto PDMS.

While the invention has been described in conjunction with the exemplary embodiments
described above, many equivalent modifications and variations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the exemplary embodiments of the
invention set forth above are considered to be illustrative and not limiting. Various changes
to the described embodiments may be made without departing from the spirit and scope of

the invention.

All references referred to above are hereby incorporated by reference.
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CLAIMS

1. A method of forming electrodes on a polymeric body, the method including:

forming a sacrificial layer on a substrate,

forming an metal electrode pattern on the exposed surface of the sacrificial layer;

attaching a polymeric body to the exposed surface of the metal electrode pattern;
and

dissolving the sacrificial layer to detach the metal electrode pattern and the polymeric
body from the substrate, the metal electrode pattern remaining attached to the polymeric
body;

wherein the exposed surface of the sacrificial layer has an Rrus roughness which is
at least 5% of the thickness of the metal electrode pattern, and the metal electrode pattern is
formed on the exposed surface of the sacrificial layer such that the metal electrode pattern

conforms to the roughness of the exposed surface of the sacrificial layer.
2. A method according to claim 1, wherein the polymeric body is an elastomeric body.

3. A method according to claim 1 or 2, wherein the exposed surface of the sacrificial
layer has an Rrvs roughness which is at most 150% of the thickness of the metal electrode

pattern.

4. A method according to any one of the previous claims, wherein the metal electrode

pattern has a thickness of at most 10um.

5. A method according to any one of the previous claims, wherein the metal electrode

pattern includes elongate electrode tracks having a width of at most 50um.

6. A method according to any one of the previous claims, wherein the sacrificial layer is

water insoluble.

7. A method according to any one of the previous claims, wherein the sacrificial layer is

formed of a metal or a metal oxide.

8. A method according to any one of the previous claims, wherein the sacrificial layer is

formed by PVD, CVD, electroplating or solution processing.

9. A method according to any one of the previous claims, wherein the attachment of the

polymeric body to the exposed surface of the metal electrode pattern is performed by
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pouring or spin coating polymer onto the exposed surface of the metal electrode pattern and

then curing the polymer to form the polymeric body.

10. A method according to any one of claims 1 to 8, wherein the attachment of the
polymeric body to the exposed surface of the metal electrode pattern is performed by
mechanically pressing the polymeric body against the exposed surface of the metal

electrode pattern.

11. A method according to any one of the previous claims, further including reactive ion
etching the bottom surface of the metal electrode pattern after the dissolution of the

sacrificial layer.

12. A polymeric body having a metal electrode pattern attached thereto, the metal
electrode pattern having an outer surface facing away from the polymeric body, which outer
surface has an Rrus roughness which is at least 5% of the thickness of the metal electrode

pattern.

13. A polymeric body according to claim 12, wherein the outer surface of the metal
electrode pattern has an Rrus roughness which is at most 150% of the thickness of the

metal electrode pattern.

14. A polymeric body according to claim 12 of 13, wherein the metal electrode pattern

has a thickness of at most 10 um.

15. A polymeric body according to any one of claims 12 to 14, wherein the metal

electrode pattern includes elongate electrode tracks having a width of at most 50um.
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