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Abstract

Microcantilever based biochemical sensors can be used for detection of surface
stress changes, due to the adsorption of specific molecules on one side of the can-
tilever. The method is fast and label-free and due to the small dimensions, it opens
the possibility of fabricating point-of-care measurement devices.

Surface stress changes of a cantilever sensor can be detected by an integrated
piezoresistive readout. The goal of this PhD thesis is to increase the sensitivity of
polymer based cantilever sensors, by investigating new strain sensitive (piezore-
sistive) polymer materials, that can improve the piezoresistive readout.

A two- and four-probe electrode chip, for measuring the strain sensitivity of the
materials, have been designed and fabricated with standard cleanroom technology.
A thin film layer of polymer material is structured on the chips and by insertion
in a four-point bending fixture, the deposited thin film can be strained, while mea-
suring how the resistance changes. This allows the determination of the strain
sensitivity of the materials.

Three qualitatively different material types have been investigated: conductive
polymer composites, an intrinsically conductive polymer and thin gold films.
Conducting polymer composites consisting of SU-8 (an epoxy based photoresist)
and different concentrations of carbon- and silver nanoparticles have been investi-
gated. For the carbon nanoparticle doped SU-8 composites, a positive piezoresis-
tive effect was measured, with the largest effect towards the lower concentrations.
No significant piezoresistive effect was observed for the silver nanoparticle doped
composites.

Thin film structures of the intrinsically conductive polymer, polyaniline, have
been fabricated and a negative piezoresistive effect was observed.

Thin gold films were investigated, with the aim of measuring the piezoresistive
effect in discontinuous gold films. Various thin film thicknesses were investigated
and the piezoresistive effect was found to be close to the value of bulk gold.
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Chapter 1

Introduction

The adsorption of molecules on a clean surface is known to produce surface stress
changes [1]. This phenomenon can be used to develop sensitive biochemical sen-
sors, where molecules adsorbed on one side of a micron sized cantilever will gen-
erate a surface stress, causing the cantilever to bend.

1.1 Atomic force microscopy

Cantilever sensors originates from the atomic force microscope (AFM) developed
by G. Binnig et al. [2]. When a micron sized cantilever with a sharp tip is scanned
across a surface, the cantilever will bend because of the interaction (mechani-
cal contact, electrostatic forces, van der Waals interaction, chemical bonding) be-
tween the tip and the surface. The deflection can be detected optically by reflecting
a laser beam on the topside of the cantilever and collecting it with a photodiode
(see figure 1.1). The position of the reflected laser beam will change according to
the topography of the sample, hence by scanning the cantilever tip over the surface
area one can get a 3D topographic image of the sample surface.

Besides optical detection, the bending of a cantilever has also been detected by
piezoresistive [3], piezoelectric [4] and capacitive [S] methods.

1.2 Cantilever sensors

A cantilever sensor is basically an AFM cantilever where the tip has been re-
moved. When molecules bind to the surface of one side of a cantilever, it will
induce a change in the surface stress, Ao, due to electrostatic, steric (entropic)
and hydrophobic interactions [7, 8]. The relative contributions of the different

1



2 Chapter 1. Introduction

Figure 1.1: Schematics of an AFM. Illustration from [6].

terms will depend on the investigated system.

Due to the unequal interfacial energies on each side of the cantilever, a differential
stress is induced, which makes the cantilever bend. This is the basic mechanism
behind cantilever sensors (see figure 1.2).

It is important to stress that the cantilever is not bending due to the mass of the
adsorbed molecules. The gravitational forces from the extra added mass are neg-
ligible compared to forces induced by the surface stress change.

If one wants to detect molecule “A”, one coats one side of the cantilever with a
selective layer that will only bind molecule “A”, hence in this way cantilever sen-
sors are label-free detectors [9]. Furthermore, cantilever sensors can be made fast
and compact, which opens up for portable devices for point-of-care analysis.
Cantilever sensors have been used for detection of for example DNA [7], pro-
teins [10], pesticides [11] and explosives [12].

Ac=c6,-06,=0 Ac# 0

S
0

G
o z

Figure 1.2: Cantilever sensing principle. When molecules are adsorbed on one side of a
micron sized cantilever, a change in the surface stress Ao is induced, which
makes the cantilever bend.
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(A) Change of surface stress (B) Change of temperature (C) Change of mass

Figure 1.3: The three different modes of detection for a cantilever sensor. Illustration
from [15].

1.2.1 Detection modes

A cantilever sensor can be operated in three different modes of detection, shown
schematically in figure 1.3:

(A): A biochemical reaction on one side of the cantilever can be detected as a
static deflection of the cantilever due to a change in the surface stress.

(B): A change in temperature can be detected as a static deflection by using a
cantilever with a sandwich of materials with a difference in the coefficients of
thermal expansion [13].

(C): Mass changes can be detected as a change of the resonance frequency, when
the cantilever is operated in dynamic (vibrating) mode. With this method a mass
resolution of less than an attogram (107'® g) has been achieved [14]. Cantilevers
in dynamic mode are most often operated in air and vacuum, since liquids will
have a damping effect on the vibrating cantilever.

The first two modes are thus called “static” modes and the last is called “dynamic”
mode.

1.2.2 Readout methods

For static mode, the bending of the cantilever is most often detected either with
optical or piezoresistive readout. For dynamic mode, both optical [16], capacitive
[17] and hard-contact readout [18] have been reported.

Since this report concerns polymer cantilevers operated in static mode, only the
optical and piezoresistive readout will be compared.

Optical readout

Optical readout is a very sensitive and well established technique known from the
AFM, however it has some drawbacks in terms of cantilever sensors:
(a): You need an optical setup and the laser beam has to be aligned with respect to
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Laser Sensor

Figure 1.4: Cantilever sensor in a non-transparent liquid.

the cantilever. For an array of cantilevers this gets time consuming, since several
laser needs to be aligned.

(b): When operated in a liquid environment, the laser beam has to be re-aligned
every time the optical properties of the liquid is changed. Introducing an analyte
might change the refractive index of the liquid, which could change the reflected
light.

(¢): When operated in non-transparent liquids (like blood) it is not possible to
obtain a signal (see figure 1.4).

(d): Since the readout mechanism involves an optical system it is difficult to make
it compact.

Piezoresistive readout

Piezoresistive materials are materials that change their electrical resistance, when
subjected to a mechanical strain. If a piezoresistive material is integrated in the
cantilever, a bending of the cantilever can be detected as a change in electrical
resistance of the piezoresistive layer, see figure 1.5.

The piezoresistive readout has some advantages to the optical readout:

(a): There are no optics and alignment involved, since the readout signal is a
simple electrical signal. This also makes it easy to scale up the cantilever sensor
system and do measurements on a whole array of cantilevers.

(b): Operation in liquid is not a problem, since the properties of the liquid has no

Rl
(Q) R #R, R,

&

!
/ Piezoresistive material

Figure 1.5: Schematics of piezoresistive readout.
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influence on the electric properties of the integrated piezoresistor.
(c): As the piezoresistive readout mechanism is integrated in the cantilever, the
whole sensor system can be made very compact.

1.3 Motivation

The goal of this PhD thesis is to improve the piezoresistive readout of cantilever
based sensors.

Cantilever sensors with piezoresistive readout have been fabricated both in sili-
con [19,20] and polymer based materials [21,22]. Silicon based processing is a
very well established fabrication technology, however compared to polymer based
processing it is rather slow and thus more expensive.

The perfect material for the piezoresistive readout should be very soft (easy to
bend) and very strain sensitive/piezoresistive (large resistance change when bent).
Silicon is very strain sensitive, but at the same time it is a very hard material with
a large Young’s modulus. Polymers are much softer than silicon, hence depending
on the strain sensitivity of the polymer material, polymer based cantilevers could
be more sensitive than silicon cantilever sensors.

The aim of this PhD thesis is to look for new piezoresistive polymer based mate-
rials. Polymers can be made piezoresistive, when they are doped with electrically
conducting filler particles. The piezoresistive effect of carbon nanoparticle doped
polymer composites has been proven for macrosized structures [23—26]. Here the
piezoresistive effect is investigated for micron sized thin films, with the aim of
integrating them in a microcantilever for piezoresistive readout.

Piezoresistive composites are fabricated through doping of the polymer SU-8 with
conductive nanoparticles. The strain sensitivity of the composites is tested using
a specially designed microchip fabricated at the DTU Danchip cleanroom facility.
The goal is to have polymer cantilevers with piezoresistive readout, that are more
sensitive than silicon based cantilevers.

In this report, a good piezoresistive material is defined as one that is easy process-
able and has a high strain sensitivity. This work has focussed on optimizing the
strain sensitivity and not the resolution. The resolution of a piezoresistive material
is determined by the signal-to-noise ratio.

1.4 Outline

The outline of the thesis is as follows:

e Chapter two introduces some basic cantilever theory in the special case of
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a cantilever subjected to a pure surface stress. Piezoresistivity and noise
sources of a conductive material is described.

In chapter three the conductive and piezoresistive behavior of conductive
filled polymer composites is presented.

Chapter four describes the design of a two- and four-probe chip, which to-
gether with a specially designed measurement setup can be used to deter-
mine the strain sensitivity of materials.

Carbon nanoparticle composites are described in chapter five. Carbon nanopar-
ticle doped SU-8 polymer composites of different concentrations are fabri-
cated and characterized with respect to their electrical resistivity and strain
sensitivity.

Chapter six describes the fabrication and characterization of silver nanopar-
ticle filled SU-8 polymer composites.

In chapter seven the intrinsically conductive polymer polyaniline is inves-
tigated. It is described how polyaniline thin film can be structured and the
fabricated thin films are characterized with respect to their electrical resis-
tivity and strain sensitivity.

Chapter eight describes how discontinuous metal films can be fabricated.
The resistivity and strain sensitivity of gold films of various thicknesses is
measured.

Chapter nine concludes the thesis, stating the most important achievements
and results.



Chapter 2

Theory

This chapter introduces the basic theory behind cantilevers with integrated piezore-
sistive readout.

The sensitivity of a cantilever will depend on the strain sensitivity of the integrated
piezoresistor, expressed by the so-called gauge factor, K, hence it is described
how conductive materials change their electrical resistance, when subjected to a
mechanical strain.

Next, it is described how a cantilever with integrated piezoresistive readout can
be used for detecting a surface stress generated by molecular interactions at the
cantilever surface. The theory has been developed by O. Hansen [27].

Finally, two internal noise sources in resistive materials are briefly described.

2.1 Piezoresistivity
The resistance, R, of a conductive material is given by

[
rR=2 2.1
wit
where p is the resistivity, / is the length, w is the width and ¢ is the thickness, see
figure 2.1.

A material is piezoresistive if it changes its electrical resistivity, when it is sub-
jected to a mechanical strain. Most materials change both cross section and length,
when they are strained and this will give rise to a change in the resistance. Piezore-
sistive materials have a resistance change that cannot solely be explained by the
geometrical effects.

For an isotropic material subjected to a strain, the change in resistance is found

7



8 Chapter 2. Theory

from equation 2.1

OR OR OR OR

dR = —dp+ —dl+ —d —dt 2.2
P TR WA 2.2)
[ pl pl
= —d —a'l — —dw - —dt, 2.3
wt P wt w2t wit? 2:3)

hence the fractional change in resistance is given by

R
dR _dp  dl_dw _di (2.4)
R e [ w t

From the theory of elasticity one have for an isotropic elastic material subjected
to a uniaxial stress, p,, along the length axis

dl d dt
_— = 6){’ —W = — = —fo . (2.5)
l w t
where €, is the strain and v is the Poisson ratio [28]. A measure of the strain
sensitivity is given by the gauge factor, K, defined as

1 dR
K=——. (2.6)
€. R

By using equation 2.4 and 2.5 one gets an expression for the gauge factor

1d
K = Kyeo + Kpiezo = (1 +2v) + — 2| @2.7)

EX
Equation 2.7 expresses, that the gauge factor of a conductive material is a sum of
two contributions. When a piezoresistive material is strained, the change in the
resistance thus originates from two qualitatively different terms. K, is a purely
geometrical term, which depends on the elastic properties of the material and this
term exists for all conductive materials. Kp,, is the “piezoresistive” term. It is

Figure 2.1: A resistor R with the dimensions / X w X .
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Piezoresistor,

/ hp—>0

ZyT
Neutral
axis

Figure 2.2: Schematics of a simple cantilever consisting of one layer with height /4 and
an infinitely thin piezoresistor of height /2, — 0 placed at the top.

a physical term stating, that for some materials the resistivity will change, when
they are subjected to a mechanical strain.

When single crystalline silicon is strained, the band structure and thus the charge
mobility is changed and this is the origin of the piezoresistive effect in silicon
[29,30]. The magnitude of the piezoresistive effect is highly anisotropic and will
depend on the specific crystal direction. For semiconductors, such as crystalline
silicon, Kpiezo = 50K e, [30].

In the next chapter, the piezoresistive effect in conductive particle doped polymer
composites will be explained.

2.2 Piezoresistive cantilever subjected to a pure sur-
face stress

When molecules bind to the surface of a cantilever, the molecular interactions
will induce a surface stress, o, causing the cantilever to bend. The bending can
be divided in a stretching/compression part, £y, which is constant throughout the
cantilever and a pure bending part, 8z. B is a constant and z is the distance to the
neutral axis, which is defined as the position in the cantilever, which is stress-free,
when the cantilever is bent (see figure 2.2).

The strain can thus be expressed as a superposition of the two contributions:

&(z) =& +pz. (2.8)

For a multilayered cantilever consisting of i layers of thickness 4;, with built-in
stress o; and Young’s modulus E;, the uniaxial stress can be expressed as

0(z) =0+ Eie(@) =0;+ Eigg +PE;z . (2.9
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A cantilever experiencing a static stress, requires that the total force, F, and the
total moment, M, acting on the neutral axis equals zero. This can be expressed
as [31]

F = f B 0(z2)dz=10 (2.10)

ZB

and

2T
M:f z0(2)dz =0, (2.11)
B
where z; and z; is the position of the top and bottom surface of the cantilever with
respect to the neutral axis.
One can now find the strain £(z), as a function of the distance to the neutral axis, in
a cantilever with i layers of height 4; and Young’s modulus E;, by solving equation
2.10 and 2.11 with respect to equation 2.9.
For a piezoresistive material subjected to a strain &, the relative change in resis-
tance is defined as
AR

R Ke, (2.12)

where K is the gauge factor.

By inserting the derived expression for £(z) in equation 2.12, one can find an
expression for the relative change in resistance in a multilayered cantilever with a
piezoresistive layer, subjected to a surface stress. The expression can be simplified
by neglecting any built-in stresses and assuming that the surface stress is only
applied on the top-side of the cantilever [32]

AR 1 2r(zr = X0 by + %)

AR _ K(_ N : . — o, .
R 2iEhi Y, Eh((z - o hjt %)2 + %(%)2)

(2.13)

Expression 2.13 describes the relative change in resistance of the piezoresistive
layer, when a cantilever is subjected to a surface stress. The index p describes the
position of the piezoresistive layer in the cantilever. The sum Z?:o h; describes
the distance from the top of the cantilever to the bottom of the piezoresistive layer.
The sum Zz':o h; describes the distance from the top of the cantilever to the bottom
of the i’th layer.

Expression 2.13 is rather complicated, but it can be simplified if one instead of a
multilayered cantilever, considers a simple cantilever with a single layer of height
h and Young’s modulus E and an infinitely thin piezoresistive layer (height, i, —
0) placed at the top surface of the cantilever. Expression 2.13 can then be reduced
to

AR 13 4
- = —K(E—h + E—h)as = —K(E—h)o's : (2.14)
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since zr = h/2, X1 hj = h, — 0and 3_gh; = h+hy, — h.

Disregarding the noise contribution one can see from equation 2.14 that the sur-
face sensitivity of a cantilever with an integrated piezoresistor is determined by
the ratio K/E. In other words, to maximize the signal from a piezoresistive can-
tilever you need a soft cantilever material and a piezoresistor with a high gauge
factor.

Depending on the doping level and grain size, silicon has a gauge factor of 20-
170 [32]. Assuming a Young’s modulus of Eg; = 150 GPa gives a maximum of
(K/E)lsi ~ 150/150 GPa = 1 GPa™..

This thesis investigates cantilevers fabricated in the polymer SU-8, which has a
Young’s modulus of 4 — 5 GPa [33]. It means, that if one can find a piezoresistive
polymer material with K > 4 — 5 one can in principle fabricate an all-polymer
cantilever sensor that is more sensitive than a silicon cantilever of the same di-
mensions.

2.3 Noise sources

The minimum obtainable surface stress resolution of a cantilever with piezoresis-
tive readout is governed by the noise sources acting on the cantilever. External
noise sources such as vibrations from the surroundings are neglected. In this sec-
tion only the internal noise sources affecting the cantilever performance will be
introduced.

2.3.1 Johnson noise

Johnson noise is caused by thermal motion of the charge carriers. For a resistor
with resistance R the Johnson voltage noise is given by

Vi = \4kgTRAS , (2.15)

where kg is Boltzman’s constant, 7 is the temperature and Af is the measured
bandwidth. For a constant temperature the Johnson noise can thus be minimized
by lowering the resistance in the design.

2.3.2 1/f noise

1/f noise is a frequency dependent noise source, which has been described by
Hooge et al. [34]. The 1/f noise voltage spectral density, Sy, 18 given by

aV?

Sl/f:N—f, (216)



12 Chapter 2. Theory

where « is a materials constant, V' is the voltage, f is the frequency and N is the
number of charge carriers in the resistor.

1/f noise is the dominating noise source in percolative systems and is diverging
when moving towards the metal-insulator transition [35, 36].

2.4 Summary

Piezoresistive materials change their electrical resistance, when they are strained.
A measure of how much the resistance changes for a certain applied strain is ex-
pressed in the strain sensitivity factor or gauge factor, K.

The sensitivity of a cantilever with piezoresistive readout subjected to a pure sur-
face stress is proportional to the ratio K/E, where K is the gauge factor of the
piezoresistor and E is Young’s modulus of the material. For an SU-8 polymer
based cantilever to be more sensitive than a silicon cantilever a gauge factor of
K >4 -5 is needed.



Chapter 3

Conductive polymer composites

Conductive polymer composites is a class of materials that consists of a polymer
and an electrically conductive filler material such as metal nanoparticles, carbon
nanotubes, carbon nanoparticles etc. [37]. This chapter describes the conductive
and piezoresistive behavior of conductor filled polymer composites. Emphasis
will be on carbon nanoparticle (also known as carbon black) filled polymer com-
posites, since it has been the main focus of this work. The chapter will not go into
detail with the theory behind the conductivity, but will provide more qualitative
explanations of the conductive phenomena in polymer composites.

3.1 Conductivity

Consider a 3D cubic lattice with N lattice sites, where N — oo. If we now start to
remove bonds between lattice sites and let p denote the fraction of bonds remain-
ing (p=1, all bonds remaining, p=0 all bonds removed), there will be a certain
critical fraction, p., at which the lattice is no longer infinitely connected. By ap-
plying a voltage across a finite sized lattice and assigning a conductance to each
bond, numerical simulations have shown that the conductance G increases with a
power law dependence:

G(p) = (p—p.)' - 3.1
This is an example of a classical percolation system that exhibits a critical thresh-
old [38].
When adding conductive filler particles to an electrically insulating polymer ma-
trix, a conductive network will start to form. As more and more filler particles
are added, the system will undergo a transition from insulator to conductor. The
filler concentration at which an infinitely connected path exists for the first time
is called the critical concentration or percolation threshold v., see figure 3.1. The

13
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Figure 3.1: From left to right is shown a schematics of conductive filled composites be-
low, at and above the percolation threshold v,. Below the percolation thresh-
old there are no conductive paths through the composite. At the percolation
threshold there is just one conductive path and above there are numerous
paths for electron conduction through the sample.

composite resembles a percolative system however, the basic assumption of clas-
sical percolation theory is a geometrically connected network. This is not the
case for carbon loaded polymer composites, where it has been shown that the
dominating contribution to the conduction mechanism is electron tunneling be-
tween adjacent carbon particles through the polymer film separating them [39].
However, due to the exponentially decreasing tunneling decay distance one can
discard non-nearest neighbor contributions to the conductivity, hence we have an
effectively connected network that behaves like a percolation system [40]. The
conductivity of a filler loaded composite can thus be described by

oo (v-v.), (3.2)

where v is the filler concentration, v, is the filler concentration at the percolation
threshold and 7 is the conductivity exponent. The percolative behavior is illus-
trated in figure 3.2.

The main mechanism of conduction in filler loaded composites is electron tunnel-
ing between adjacent particles. The tunnel current and thus the conductivity of the
composite will depend on the potential barrier height between adjacent particles
and the interparticle distance. These two parameters need to be known in order to
theoretically describe the conductivity through equation 3.2.

The potential barrier height can be found as the difference in the polymer and filler
particle work functions. For the interparticle distance one have to assume some
idealized distribution function [42]. Such a distribution function will always be
an approximation, since the real three dimensional structure of the composites in
general is extremely complex and will depend strongly on internal variables such
as the structure of the carbon black being used [43], the preparation method of the
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Figure 3.2: Resistivity as a function of the filler concentration for a percolative system.
Hlustration is reproduced from [41].

composite [23], filler-filler interactions [23] and filler-matrix interactions [44]. As
it turns out there has been a large discrepancy between theoretically predicted and
experimentally determined values for v, and ¢. Depending on the theoretical ap-
proach, values for the critical exponent ¢ has both been under- and overestimated
compared to the measured values [40].

By dividing the carbon blacks in two classes, “low structure” and “high structure”,
the trends in the measured values for the percolation thresholds and conductiv-
ity exponents can be qualitatively explained. “Low structure” carbon blacks are
spherical particles that form a closed-packed network with little aggregate forma-
tion, see figure 3.3 (left). This gives rise to high values for both v, and 7. On the
other hand, “high structure” carbon blacks form highly aggregated structures that
lead to low values for v, and ¢, see figure 3.3 (right) [45].

The existence of a complicated conductive network in carbon black filled compos-
ites has been demonstrated by Carmona et al. [46—48]. They scanned the surface
of a carbon black doped polymer composite using conductive atomic force mi-
croscopy (C-AFM) and showed that penetrating conductive paths exist above the
percolation threshold and vanish below. Similar experiments have been carried
out by Viswanathan et al. by use of electrostatic force microscopy [49].

To summarize, carbon black loaded composites are characterized by having a crit-
ical filler concentration at which the conductivity increases with a power law de-
pendence. The percolation threshold and the exact power law dependence are
difficult to predict theoretically, since they reflect the microstructure of the com-
posite, which in general is very complicated.



16 Chapter 3. Conductive polymer composites
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Figure 3.3: Illustration of the two types of carbon black. LEFT: Low structure carbon
black has spherical particles with no aggregates. The black circles show the
particles and the grey rings show the effective tunneling distance. Low struc-
ture carbon black gives high values for v, and ¢. RIGHT: High structure
carbon black has a highly aggregated structure. High structure carbon blacks
give low values for v, and ¢. Illustrations from [45].

3.2 Piezoresistivity

Besides the internal variables mentioned in the previous section, external variables
such as temperature and mechanical stress can affect the conductivity of filler
loaded composites. Applying a mechanical stress to a conductive filler loaded
composite will change the interparticle distance, which effectively corresponds to
a change of the filler concentration and this will change the conductivity of the
composite according to equation 3.2.
For the strain sensitivity of the composites one can write the gauge factor K as a
sum of three terms

K = Kin + ngo + Kpiezo > (3.3)

where Kj, is the intrinsic piezoresistive contribution from the conductive filler
particles of the composite, K, is the geometrical contribution and Kpc,, is the
piezoresistive contribution.

For Kie,o to be nonzero, there has to be a difference in the elastic constants of the
filler and polymer matrix [50]. If the elastic constants are equal, the polymer and
filler particles will respond equally to an applied strain, hence the interparticle
distance will not change, the concentration remains constant and Kpe,, equals
zero. However, if there is a difference in the elastic constants, an applied strain will
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change the interparticle distance, which effectively corresponds to a change in the
filler concentration. Due to the power law dependence expressed in equation 3.2,
slight changes of the filler concentration can have an impact on the conductivity
close to the percolation threshold. It means that conductive polymer composites
could have a very high strain sensitivity close to the percolation threshold.

For a composite one can write the filler concentration as

Ve
U= ,
Ve+ Vi

(3.4)

where V, is the filler particle volume and V,, is the polymer matrix volume. As-
suming an isotropic elastic material of volume V subjected to a small uniaxial
strain, €, the volume will change as

Vo V+AV = V(1 + (1 =2v)e), (3.5)

where v is Poisson’s ratio of the specific material, hence the filler concentration
will depend on the applied strain, v = v(e). From equation 3.4 and 3.5 one can
see that, if the filler particle and polymer matrix have identical Poisson’s ratio, an
applied strain will not change the concentration.

From equation 3.2 one can find the resistivity

poc(V—ve)" =) —ve)™ . (3.6)
The piezoresistive contribution can now be estimated using equation 2.7
d 10 0
L " e = —t(w(e) — vy de (3.7)
p  poe O€

hence as we move close to the percolation threshold, v(e) — v,, the piezoresistive
contribution will diverge. It means that conductive filled polymer composites can
be potentially very strain sensitive and have high gauge factors close to the perco-
lation threshold.

Qualitatively one can explain it by realizing, that close to the percolation there
are very few conductive paths. Breaking some of the paths by straining the ma-
terial, will thus result in a large relative change of the resistance. This explains
why conductive composite should have maximum strain sensitivity close to the
percolation threshold.

3.3 Summary

In this chapter the basic theory for conductive particle filled polymer compos-
ites has been introduced. When adding conducting filler particles to an insulating
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polymer matrix, the composite will undergo a transition from insulator to conduc-
tor. Above a certain critical filler concentration called the percolation threshold,
the conductivity will increase with a power law dependence.

It has been explained why such polymer composites are piezoresistive and that the
maximum gauge factors should be found close to the percolation threshold.



Chapter 4

Chip design and measurement setup

This chapter describes the layout of a microfabricated chip designed for measur-
ing the resistivity of conductive thin film materials. Two different designs have
been made, such that the resistivity can be measured either in two- or four-probe
electrode configuration.

A four-point bending fixture setup is presented, where the microfabricated chips
are inserted and subjected to a constant stress, while the resistance change of the
composite thin films is measured. This allows for the determination of the gauge
factors.

4.1 Chip design

For measuring the resistivity of thin film materials both two- and four-probe elec-
trode configurations have been used. Figure 4.1 shows a schematics of the two
methods.

The four-probe design is the standard method for measuring resistivities of con-
ductive materials, where a constant current / is forced through the resistor R and
the voltage drop V across is measured. A basic assumption of the four-probe
method is that the current is constant through the resistor. If R < Ry, where
Ry =~ 10 GQ is the impedance of the voltmeter, the voltmeter draws very little
current and the assumption is valid. The assumption is easily fulfilled for low-
resistivity materials, however the present work investigates materials with resis-
tivities up to p ~ 10* Qm, where the requirement can be hard to fulfill, hence a
two-probe electrode configuration design was also made.

19
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105
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= 0D— =aD—
Two-probe Four-probe

Figure 4.1: LEFT: Two-probe electrode configuration. RIGHT: Four-probe electrode
configuration. A constant current /, is forced through a resistor R, and a
high impedance voltmeter measures the voltage drop V across.

4.1.1 Two-probe design

Figure 4.2 shows the layout of the two-probe design. The dimensions of the chip
are 40 x 5.3 mm?. The left and right halves are identical, but they are not electri-
cally connected.

The pink square is the composite thin film material, which is deposited on top
of 50 um wide electrodes that are colored in green. The width of the conductive
thin film is W = 3 mm and the spacing between the 10 electrodes is designed
such that the two-probe resistance R, can be measured for nine different resistor
lengths, L;_¢ =5, 10, 15, 20, 25, 50, 100, 200 and 500 um. Knowing the thickness
t, of the composite thin film, one can calculate the resistivity as p = Rwt/L. As
high-resistivity materials will be investigated, the L/W-ratios of the conductive
thin films are very low, such that the size of the measured resistance will be mini-
mized.

The drawback of the two-probe method is that one also measures the resistance
of the contacts and the wires. One will either have to estimate the size of the con-
tact resistance or justify that it can be neglected. With the above design, one can
estimate the size of the contact resistance by plotting the resistance as a function
of the length of the resistor, R(L). The contact resistance can then be estimated as
R(L = 0).
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fe 40 mm |

Figure 4.2: The chip design in two-probe configuration seen from above. The dimensions
of the chip are 40 x 5.3 mm?. The pink square is the conductive thin film
material and the green color is 50 um wide electrodes. The closeups show
the electrode configuration. The spacing between the electrodes is Li_g =
5, 10, 15, 20, 25, 50, 100, 200 and 500 pm.
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Figure 4.3: Resistor of length L and width W in the for four-probe design. The dark green
squares are contact pads, which have been enlarged to insure good electrical
connection to the electrodes.
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4.1.2 Four-probe design

Figure 4.3 shows a schematic of a resistor of length L and width W in the four-
probe configuration. A constant current, /, is forced through the resistor, colored
in pink, and the dark green pads show, where the resistor connects to the metallic
electrodes.
The potential drop in the resistor is measured with a high impedance voltmeter
connected to the points, C. The small piece of wire L;, is included in order to
secure that the current has obtained a homogeneous flow, when it reaches the re-
sistor. For L;, > 2W one can assume that this condition is fulfilled [51]. In the
design L;, = 3W was chosen.
The width of the channels, Wehannel, connecting the resistor and the electrode pads
is chosen as small as possible. Large channel widths will result in a smaller re-
sistance in the actual resistor, because the current will travel in a larger area than
expected. By keeping Wepamer << W this error can be minimized.
The L/W-ratio of the resistor design has been modeled with the COMSOL finite
element method (FEM) package in conductive media DC application mode by
solving the equation [52]

-V.(cVV)=0, 4.1)

where o is the conductivity and V is the voltage drop. Figure 4.4 (left) shows a
model of the resistor in four-probe configuration. For the boundary conditions, a
constant current flow is applied on the left hand surface of the resistor. The right
hand surface of the resistor and the two channels are kept at V; = 0. All other
surfaces are electrically insulating. High resistivity pads are placed at the end of
the channels to simulate the effect of a high impedance voltmeter.
For a given resistor geometry one can define AV = V —Vj,, where V is the voltage
drop in a resistor with channels connected (figure 4.4, left) and Vj is the voltage
drop in an identical resistor, but with no channels connected. For different L/ W-
ratios AV = V — V,, has been calculated. Figure 4.4 (right) shows AV/V; as a
function of L/W. One can see that AV/Vy = 0 for L/W > 6.

Two different designs for the resistor was made and the parameters are summa-

Table 4.1: Four-probe design parameters
W [,um] Wchannel [,um] Pads [/lmz]
Design 1 50 15 150x150
Design 2 100 25 300x300

rized in table 4.1. In both designs, resistors were made with L/W ratios of either
6, 8, 10, 15, 25, 50 or 100.
Figure 4.5 shows the layout of the complete chip. Three resistors, R1-R3, similar
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Figure 4.4: LEFT: The resistor design modeled by FEM. A constant current is passed
through the resistor and the voltage drop between the two channels is calcu-
lated. The figure shows the calculated electric potential. RIGHT: AV/V} as
a function of L/W. For L/W > 6 AV/Vy = 0 and this requirement has been
fulfilled in the resistor design.

to the one in figure 4.3 are connected in series on each half of the chip. A constant
DC current is passed through electrodes 2-9 and electrode 3-4, 5-6 and 7-8 mea-
sures the voltage drop across resistor R1, R2 and R3, respectively. The electrodes
are 100 um wide.

4.2 Measurement setup

Both the two- and four-probe configuration chips are designed to fit in an ex-
isting experimental setup developed by PhD Jacob Richter and MSc Morten B.
Arnouldus for measuring gauge factors of silicon and strained silicon germa-
nium [53-55].

4.2.1 Four-point bending fixture

To induce a stress in the conductive thin film material, the designed chips can be
inserted in a four-point bending fixture shown schematically in figure 4.6. Two
inner knives are acting on the chip with the forces —F/2 and two outer knives are
acting with equally large opposite forces, F//2. Between the two inner knives the
chip is subjected to a pure bending and the moment is constant with a value of
M = —Fa/2, where a is the distance between the neighboring inner and outer
knives.

The only non-zero stress component is 0, hence the stress is uniaxial and varies
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Figure 4.5: The chip design in four-probe configuration. The chip measures 40 x 5.3
mm?. The close up shows the resistor layout. There are three resistors R1-
R3 connected in series on each side of the chip. A current is passed through
electrode 2-9 and electrode 3-4, 5-6 and 7-8 measures the voltage drop across
R1, R2 and R3, respectively. Electrode 0 is connected to ground and electrode
1-2 are short circuited, hence they are not visible in the inset.

Figure 4.6: Sketch of the four-point bending fixture with a chip inserted. At the surface
between the two inner knives the stress is constant and uniaxial. Figure taken
from [54].
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linearly with z. If o, denotes the stress at the surface of the chip, one can express

O xx AS

Z 2z
Oxx = "Omax 55 = " Omax—/ > (42)

t/2

where ¢ is the thickness of the chip [28]. By using equation 4.2, the moment
between the inner knives can be calculated as

2 20 "2 1
M= oWz = —w2me f Pdi= - Womal,  (43)
—12 ~1/2 6

where W is the width of the chip. Equating the two expressions for the moment

1 1
—EWO',,mtz = -3Fa, (4.4)

yields an expression for o,

Omax = 75 - (45)

Expression 4.5 states that the maximum uniaxial stress, o« at the surface of the
chip between the two inner knives of the four-point bending fixture is constant and
is determined by the thickness of the chip, ¢, the width of the chip, W, the force
loaded, F, and the distance between the inner and outer knives, a. All of these
parameters are known, hence when inserting the chips in the four-point bending
fixture, a well-known stress can be applied to the resistive material on the chip.
The applied stress is converted to a strain, &, through Hooke’s law, 0.« = &naxE,
where E is Young’s modulus (of silicon in this case).

For polymer composites the resistive material is spin coated on top of the surface,
so in principle the neutral axis of the chip is shifted however, for thin films one
can assume that o, & O max-

The four-point bending fixture has been realized in two different versions. In the
first version shown in figure 4.7 (left) the chip is clamped between two bricks and
a force is exerted by suspending a weight of known mass on the bricks. The stress
can be calculated from 4.5 by knowing the loaded mass, m. It is a very simple
setup, which does not need a calibration of a force sensor, however, the weights
have to be loaded manually, which means that the measurement procedure cannot
be automated.

In the second version shown in figure 4.7 (right) the force is exerted by a mi-
crostepper pressing the two bricks together. The movement of the microstepper
is controlled by an actuator, hence the measurement procedure can be automated.
The stress is measured by a calibrated force sensor. Both setup versions also pro-
vide temperature control.
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Figure 4.7: LEFT: The chip is inserted between two bricks and a force is exerted by
suspending a weight of known mass on the bricks. The inset shows a closeup
of the four-point bending fixture. Both inner- and outer knives are visible.
Picture taken from [53]. RIGHT: Picture of the four-point bending fixture
with the microstepper. Picture from [55].

The stresses exerted by the four-point bending fixture are much larger than the
stresses one would expect in a cantilever sensor (4pp~MPa, cantilever ~mN/m),
however, the idea is to use the four-point bending fixture for narrowing down the
field of promising materials for the piezoresistive readout and then move on to
fabricate cantilevers with the selected materials.

4.2.2 Electrical connection

For the electrical connection it is important that it is easy to use and that the bend-
ing of the chip is not hindered in any way. These requirements are fulfilled by the
Zero Insertion Force (ZIF) chip connection. Figure 4.8 shows the simple plug-
and-play connection.

ZIF connectors are normally used to establish electrical connection to a Flat Flex
Cable (FFC). By copying the dimensions of a FFC onto the chip, the ZIF can be
used for electrical connection.

The weight of the ZIF connector is Wy, = 0.14 g, hence the stress contribution
originating from the gravitational force of the ZIF connector is negligible com-
pared with stresses from the weight loads suspended on the bricks.

The design requirements can be summarized as follows:

e The end of the chip is designed to fit the ZIF connector, hence it has 10
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Figure 4.8: From left to right it is shown how the chip is easily connected to ZIF connec-
tor. Picture from [53].

electrical connection pads with a width of 0.3 mm and a pitch of 0.2 mm.

e To fit in the ZIF connector, the thickness of the chip must be ¢ = 350 um,
hence only double side polished wafers have been used in the fabrication of
the chips.

e The width of the chip is fixed to 5.3 mm.

The complete measurement setup is shown schematically in figure 4.9. The chip
is connected to a Keithley 2700 Multimeter (and a Keithley 2400 Sourcemeter in
the case of four-probe measurements) through the ZIF connector and the FFC.
Data is collected with a LabVIEW program.

4.3 Summary

A two- and a four-probe chip design for measuring the resistivity of piezoresistive
thin film materials has been presented. The chips are designed such that they fit in
an already existing four-point bending fixture setup. Using the setup, a constant
stress can be applied to the piezoresistive material, while measuring the change in
resistance. This allows the determination of the gauge factors of the piezoresistive
materials.
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Figure 4.9: Schematics of the measurement setup.



Chapter 5

Carbon black SU-8 composites

This chapter explains how piezoresistive polymer composites have been fabricated
by adding carbon black particles to an insulating polymer matrix. Three different
types of carbon black have been used and the polymer chosen is the photoresist
SU-8, since the composites have to be structured by UV lithography and since SU-
8 also was chosen as one of the base materials within the NOVOPOLY project.
The chapter describes how composites of different carbon black concentrations are
mixed through ultrasonication and structured by UV-lithography. The composites
are characterized with respect to their resistivity and the gauge factors.

The piezoresistive behavior of carbon black filled polymer composites have been
used for sensing organic vapors, such as ethanol and acetone [56-58].
Throughout the chapter, both “carbon black™ and the abbreviation “CB” will be
used.

5.1 Composite fabrication

As there are no commercially available carbon black filled photoresists, it was
decided to fabricate the composite ourselves. This also had the advantage, that
composites at arbitrary carbon concentrations could be fabricated.

5.1.1 SU-8 polymer

SU-8 is a negative toned epoxy based photoresist originally developed at IBM,
consisting of SU-8 monomers, organic solvent and a photo acid generator (PAG)
[59]. The PAG is sensitive to ultra-violet (UV) light (350-400 nm), hence upon
UV-exposure the PAG generates an acid, which opens the epoxy rings and the

29
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Figure 5.1: Chemical structure of the SU-8 monomer. The “8” refers to the eight epoxy
groups of the SU-8 monomer.

crosslinking starts. Due to its good mechanical and thermal properties, SU-8 has
been used for a number of applications such as microfluidic chambers and optical
components including lasers, lenses and waveguides [60—63]. SU-8 is biocompat-
ible [64] and has excellent chemical resistance to solvents, acids and bases.

5.1.2 Carbon black

Table 5.1: Carbon black particles

Particle Mean size [nm] Surface area [m?/ g| Oil absorption number [mL/100 g]
Printex XE2 30 600 370
CD 975U 21 242 169
CD 7051U 56 43 121

Carbon black is a form of amorphous carbon, with an extremely high surface
area to volume ratio, which is usually produced by the incomplete combustion of
petroleum. Carbon black has been chosen as the conductive filler material, since it
is very inexpensive compared to other common conductive fillers such as carbon
nanotubes or metallic nanoparticles.

Three types of carbon blacks with different characteristics have been used for the
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Figure 5.2: SEM picture of CD975U carbon black particles in SU-8 polymer.

fabrication of composites: Printex XE2 from Degussa and CD975U and CD7051U
from Columbian Chemical Company. Printex XE2 is a high structure carbon
black, while the latter two are lower structure carbon blacks. The main character-
istics of the particles are summarized in table 5.1 as supplied by the manufacturers.

5.1.3 Mixing

To fabricate a uniform composite, the carbon black particles need to be homo-
geneously dispersed in the polymer matrix. There are several techniques to do
this including shear mixing [23], ball milling [26,44], dissolver disc [65] and ul-
trasonic mixing [66]. Depending on the type of polymer, mixing at temperatures
above the glass transition temperature of the polymer is also used [39]. Shear mix-
ers, ball millers and dissolver disc mixers require larger sample volumes, but since
only small sample volumes (~6 mL) are used, ultra sound mixing was chosen. Ul-
trasound has previously been used for successful mixing of carbon nanoparticle
doped SU-8 [67]

Carbon black doped composites were prepared by carefully weighing the carbon
black particles on an electronic scale with 0.1 mg precision and adding them to the
SU-8. As the composite is to be spin coated on a silicon wafer, SU-8 2002 from
MicroChem has been used, since it has a high solvent content (~29% SU-8 and
~T1% cyclopentanone) [68]. Typical quantities are 6 mL of SU-8 and 50 — 500
mg of carbon black.

The concentration of carbon black, Ccg, is calculated in wt% as

Mcp

Cpg=——"%, 5.1
P Mgy + My 0 1)
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Figure 5.3: Schematics of the mixing procedure. The tip of the ultrasonic mixer is placed
directly in the composite.

where it is assumed that all the solvent evaporates during thermal baking of the
composite. The composite is placed in a 15 mL non-transparent plastic bottle
to block outside light and ultrasonically mixed at 20 kHz for 10 minutes using
a BioLogics Model 150 V/T ultrasonic homogenizer with a u-tip. As the tip is
placed directly in the composite during mixing heat is generated, so the bottle is
immersed in ice water to cool it down and prevent evaporation of solvent. If no
cooling is provided, the solvent quickly evaporates and spin coating becomes im-
possible.

To check the homogeneity of the composites, a series of experiments were carried
out, where the duration of the ultrasound mixing was varied. Figure 5.4 shows
optical pictures of thin films of an 8% XE2/SU-8 composite for different mixing
times. The black dots are 5-25 um sized clusters were the carbon black has not
been properly wetted by the SU-8. As the mixing time is increased, the amount of
clusters goes down however, clusters are also seen for the longer mixing times.

It turned out that generation of heat was a major problem for the heavily doped
carbon black composites. Even though cooling was provided, the composites
heated up and the solvent evaporated, making the composites too viscous for spin
coating. In the end, a mixing time of 10 minutes was chosen in order to have the
same mixing time for all composites. Table 5.2 summarizes the carbon concen-
trations of the fabricated composites.

Figure 5.5 shows SEM images of ~ 2 um thick 10% and 25% CD975U/SU-8
composite thin films. One can clearly see how the carbon black particles form an
aggregated structure. It is important to note, that even under the best mixing con-
ditions some aggregation will occur, since carbon particles tend to cluster [39].
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Figure 5.4: Optical pictures of thin composite films of 8% XE2/SU-8 2002 composites
mixed at different times. The amount of clusters goes down as the mixing
time is increased; however, clusters are also present for the long mixing times.

Table 5.2: Carbon black/SU-8 composite concentrations

Particle Concentration [ %]
Printex XE2 0.9, 1.4,2.2,3.2,3.8,5.0,6.5,8.7, 11.1
CD 975U 5.1,10.7,15.0, 19.9, 25.3
CD 7051U 4.8, 10.6, 20.0, 25.0

Carbon black particles are negatively charged, so they have a repulsive Coulomb
interaction. They also have an attractive van der Waals term, so if the thermal
energy is sufficient to overcome the electrostatic barrier, the pair of particles can
be trapped in an energy minimum and become irreversibly aggregated [23].

One way to control the aggregate formation is to add ions to the composite. The
added charges will affect the interactions between the particles. This will modify
the aggregate formation, which in the end determines the electrical properties of
the composites [23,69].

It is important to note, that from looking at the microstructure of the composites,
it is very difficult to deduce the electrical properties. Are the composites conduc-
tive/piezoresistive? From SEM pictures, such as the ones in figure 5.5, you can
get an idea about the structure of the composite, but to know the exact electrical
properties, you will have to measure them experimentally.
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Figure 5.5: SEM images of ~2 um thick 10% and 25% CD975U/SU-8 composite thin
films. The aggregated structure of the composites is clearly visible. The
images were obtained with a FEI Nova 600 NanoSEM in low vacuum mode
to prevent charging effects.
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Figure 5.6: Schematics of the chip process recipe (not to scale).

5.2 Chip fabrication

The process sequence of the chip is shown in figure 5.6. The chips were fabricated
at the DTU Danchip cleanroom facility through the following steps:

(A) 1500 A thick SiO, layer is thermally grown on top of a 4” Si wafer for elec-
trical insulation. (B) 50/3000 A Ti/Au is e-beam evaporated on top of a patterned
layer of AZ 5214E photoresist and electrodes are defined by a lift-off process. (C)
1.5-2.0 um thick SU-8/CB composite is spin coated and UV-structured. Finally
the chips are diced out from the wafer. For the process parameters see appendix
A.

5.2.1 Spin coating

The composites are spin coated at 4000 rpm for 40 s at low acceleration on a
manual spinner. Figure 5.7 shows the average measured thickness as a function
of the CB concentration. As the amount of carbon is increased, the composite
gets more viscous and this is also reflected in the increased thickness. The error
bars indicate + one standard deviation from the average and it can be seen that
it increases with the CB concentration, so for higher carbon loadings, the surface
gets more rough.

5.2.2 UV exposure and development

As shown in figure 5.8, UV lithography still works for the spin coated CB/SU-8
polymer composites, even though some of them are completely non-transparent
and carbon black is known to block UV light [70]. Off course there must be an
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Figure 5.7: The graph shows the average thickness of spin coated thin films of CB and
SU-8 as a function of the thickness. The error bars indicate + the standard
deviation, o, from the average. The thickness was measured with a Dektak 8
profilometer.

upper limit, where the CB concentration is too high for UV-lithography to be pos-
sible, but for the film thicknesses used (~2 pum), composites of up to 25% CB
loading have been UV-structured without problems. As the resolution is not crit-
ical in the design, a large exposure dose of ~ 1.5 J/cm?) was chosen to be sure
to completely crosslink the composite. For the non-transparent composites, the
gold alignment marks were not visible, so it was necessary to remove some of the
composite material with a cleanroom tissue and acetone, in order to be able to do
the alignment.

After UV exposure the CB/SU-8 composite is developed in PGMEA (propylene
glycol methyl ether acetate) to remove non-crosslinked SU-8 and finally rinsed
in isopropanol. Figure 5.9 (left) shows a UV structured composite after develop-
ment. The crosslinked structures are seen as yellow squares, but the wafer is also
completely covered by a residual layer of carbon sticking to the wafer, where the
non-crosslinked SU-8 has been removed. This is off course not wanted, so the
carbon was removed by dipping the wafers shortly (2-3 s) in an ultrasound water
bath. This is off course a rather harsh treatment and for he highly doped compos-
ites it in some cases damaged the crosslinked structures.

Another way to remove the residual carbon layer is to give the wafers a plasma
ashing treatment. A plasma asher creates a reactive plasma, which combines with
the material (commonly used to remove photoresist) to produce ash, which is then
removed. Figure 5.9 shows a wafer before and after the plasma asher treatment.
An O,/N; plasma of 150/50 ml/min at 150 W was used for a period of 7X1 minute
and one can clearly see that the residual carbon layer has been removed. Since the



5.3. Measurements 37

5% 10% 15%

500 pm

20% 25%

Figure 5.8: Optical pictures of composite thin films of SU-8 2002 and CD7051U at five
different carbon loadings. The composites are spin coated and UV-structured
on top of a 4” Si wafer. Gold electrodes are seen underneath.

whole wafer is exposed to the plasma, one have to optimize the recipe, such that
the residual carbon layer is removed, without damaging the UV-exposed struc-
tures.

Yet another possibility, which was not tried, is to use a surfactant (soap) to remove
the carbon particles.

5.3 Measurements

The fabricated chips have been investigated using the four-point bending fixture
described in chapter 4. Electrical resistances were measured with the two-probe
electrode configuration and used to calculate the electrical resistivities of the three
types of carbon black particles at different carbon concentrations. This can be
used to locate the percolation threshold, v, at which the composites should have
the maximum strain sensitivity.

Gauge factors have been measured for the different composites using the four-
point bending fixture.

When approaching the glass transition temperature of the polymer (T, . = 200°C)
you would see a drastic increase in the resistivity due to the difference in the
thermal expansion coeflicients of polymer and filler [71]. However, the electrical
properties of carbon black filled polymers have been shown to be stable at ambient
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Figure 5.9: LEFT: A 4” inch silicon wafer with UV-structured SU-8/CB composite (12%
XE2) after development in PGMEA. The yellow squares are the crosslinked
structures, but a residual layer of CB is sticking to the wafer, where the non-
crosslinked SU-8 has been removed. RIGHT: The same wafer after plasma
ashing, where the residual CB has been removed.

temperatures, hence all measurements were carried out at room temperature [25].

5.3.1 Resistivity

The resistivity has been calculated for the different fabricated composites as

_ Rwt

PETL
where R is the measured two-probe resistance and w is the width, L is the length
and ¢ is the thickness of the composite as measured with a stylus profiler. Fi-
gure 5.10 shows a semi-log plot of the resistivity, p, of the polymer composites
as a function of the carbon black concentration. As the amount of carbon is in-
creased, the resistivity drops 4 — 6 orders of magnitude and a transition from in-
sulator to conductor is observed. The highest doped composites have resistivities
of p ~ 1.0 - 1072 Qm, which is in the semiconductor region and the lowest doped
composites have resistivities of p ~ 1.0 - 10> Qm. As a reference, amorphous
carbon has a resistivity of peaon = 3.5 - 107 Qm.

The percolation threshold can be determined as the concentration, at which the
resistivity has a drastic increase. An exact determination of the percolation thresh-
old would involve a best fit to equation 3.2 however, in this work an estimation
of the percolation threshold is good enough. For XE2, the percolation threshold
can be estimated from figure 5.11 and one finds v, = 1 — 2%. This value is quite
low, however XE2 is a high structure carbon black with an oil absorption number
(OAN) of 380 ml/100 g. High structure carbon blacks form elongated aggregates
and are known to give low values for the percolation threshold [45, 72].

) (5.2)
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Figure 5.10: The resistivity, p, as a function of nanoparticle content. A clear insulator to
conductor phase transition is observed.

For CD975U and CD7051U the resistivities for the lower nanoparticle concen-
trations were too high to be measured with the present setup, hence we cannot
positively say that the percolation threshold was reached. However, figure 5.10
suggests that CD975U and CD7051U should have higher percolation thresholds
than XE2, because a higher concentration of nanoparticles is needed to reach a
resistivity equivalent to XE2. This is also what one could expect, since CD975U
and CD7051U is a lower structure carbon black, with OAN values of 169 ml/100 g
and 121 ml/100 g, respectively. Lower structure carbon blacks do not form highly
aggregated structures, hence a larger amount of carbon nanoparticles is needed to
make the composite conductive.

5.3.2 Piezoresistivity

The basic behavior of the polymer composites was tested in a measurement series,
where 160 MPa tensile and compressive stress was applied alternately to an 8.7%
XE2 composite. The stress corresponds to a strain of € = 0.11%. Figure 5.12
shows the measured two-probe resistance, R, as a function of time. The figure has
nine time intervals of 120 s corresponding to periods of: stress released, non-zero
tensile stress, stress released, non-zero compressive stress, stress released and so
on.
From the figure it is clear, that the behavior is as expected, (a): Onset of ten-
sile (compressive) stress, (b): Interparticle distance is increased (decreased) and
R increases (decreases), (c): Tensile (compressive) stress is released and (d): In-
terparticle distance is decreased (increased) and R returns to its initial value.

As can be seen from figure 5.12, the baseline R, drifts, but the height of the
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Figure 5.11: The resistivity p, as a function of the XE2 concentration. The percolation
threshold is determined to be v, = 1 — 2%.
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Figure 5.12: An 8.7% XE2/SU-8 composite, where tensile and compressive stress is ap-
plied alternately (200 um resistor). (a) Tensile stress applied, (b) interpar-
ticle distance is increased and R increases, (c) tensile stress released and
(d) interparticle distance is decreased and R returns to initial value. The
peaks correspond to time intervals of nonzero tensile stress and the valleys
to periods of nonzero compressive stress.



5.3. Measurements 41

x 10 4000

6

5 3000

4 g
g. ~ 2000 -
@ 3 <

2 1000

L 0

0 100 200 300 400 500
0 100 200 300 400 500
L [pum] L [pm]

Figure 5.13: R vs. L (left) and AR vs. L (right) plots for the data series in figure 5.12.

peaks is stable, which means that the piezoresistive effect is reversible. A re-
versible piezoresistive effect has previously been reported for macro-sized struc-
tures [25,73,74]. It is thus verified, that a similar behavior is found for micro
structures.

For an ideal system with no contact resistance and no resistance of the measure-
ment setup, one would have that R — 0 for L — 0, where R is the measured two-
probe resistance and L is the length of the resistor. By plotting the resistance as a
function of the length, the contact resistance can be estimated as Reoptaer ® Rl1—0,
which is the crossing of the R-axis. Figure 5.13 (left) shows an R vs. L plot for
the measurement series in figure 5.12. A straight line is fitted and Reongace = 2900
Q.

More importantly, the contact resistance was found for all the nine time intervals
in figure 5.12 and it showed that the R oy aec Was constant throughout the whole
tensile/compressive strain cycle. It means, that the observed change in resistance,
AR, when a stress is applied in figure 5.12, is not just a change in the contact re-
sistance, but it is a piezoresistive contribution from the polymer composite.

This can be further verified by plotting AR as function of the length, shown in
figure 5.13 (right). A straight line is observed, hence AR scales linearly with the
length of the resistor. If AR was just a change in the contact resistance one should
not expect a straight line.

As AR/R = Keg, the gauge factors can be calculated to K = 5 — 6. Assum-
ing vsyg = 0.22 as Poisson’s ratio for SU-8 and using equation 2.7 one gets
Ky, = 1.5, hence the geometrical gauge factor cannot alone explain the observed
change in resistance, so it can be concluded that Kc,, > 0.

Piezoresistive behavior of carbon loaded composites has previously been reported
for macroscopic samples [75-77].
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5.3.3 Contact resistance

To estimate the contact resistance, R vs. length plots were made for all the fabri-
cated composites.

For the highly doped composites the contact resistances were found to be small
and constant with respect to the applied stresses, hence they can be neglected
when calculating the gauge factors.

For the lower doped composites with high resistivities, the measured resistances
were often too large to be measured with the Keithley 2700 Multimeter, which
has a range of 0 — 100 MQ. In many cases, only the resistances for the shortest
resistors, Ly_3 = 5,10, 15 um, could be measured. This gives not enough data
points to make a reasonable R vs. L plot to estimate the contact resistance.

The problem can be illustrated by plotting R vs. L for a 2.2% XE2 composite

shown in figure 5.14. For L > 15 um, the resistance exceeds 100 MQ and cannot
be measured with the setup. Although figure 5.14 only has 3 data points, the be-
havior does not seem to be linear. It is believed this is connected to the coherence
length of the composite (the diameter of the largest, but finite cluster). For lower
doped composites the coherence length is small, hence when L becomes compara-
ble to the coherence length of the composite one would expect a dramatic increase
in the resistance.
In the following, it will be assumed that the contact resistance is small and stays
constant when a strain is applied, hence it will be neglected, when calculating
gauge factors. There are some arguments that support the assumption of a low
contact resistance:

- The polymer composite is spin coated on top of the gold electrodes and
afterwards cured at 90°C. The polymer composite is highly crosslinked and
thus firmly attached to the gold electrodes. This should minimize the contact

80
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Figure 5.14: R vs. length for a 2.2% XE2 composite. For L > 15 um, R > 100 MQ,
hence it is out of the range of the Keithley 2700 Multimeter.
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resistance.

- The contact interface between polymer composite and gold electrodes, A¢onact =
0.3 mm?, which is large compared to the dimensions of the resistors.

- The polymer composite is deposited on top of the electrodes and since the
applied strain is parallel to the length axis of the chip, there are no forces
orthogonal to the contact interface, which could affect the contact resistance
by pressing the polymer/electrode interface together or tearing it apart. to-
gether.

For carbon filled polymers, negligible contact resistances have previously been
reported [78-80].

5.3.4 Gauge factors

The gold electrodes of the chip are also subjected to the applied strain. Gold has
a gauge factor of K, = 3, hence the electrodes will also give a contribution to
the resistance change. The maximum piezoresistive contribution was estimated to
AR max oesoies < 0.3 ©, which is much smaller than the measured resistance changes
from the composites. In the following, the piezoresistive contribution from the
gold electrodes is thus neglected.

Gauge factors have been measured for composites of the three different types of
carbon blacks at different filler concentrations. The gauge factors were determined
in two different ways:

1. A tensile stress of 160 MPa, corresponding to a strain of € = 1.1 - 1073, was

applied in a cyclic manner, hence 2 minutes of stress released, 2 minutes
of non-zero stress, 2 minutes of stress released and so on. Three complete
cycles were made for a total of 14 minutes. Figure 5.15 (left) shows the
measured resistance, R, as a function of time for a 6.5% XE2 composite.
As AR/Ry = Keg, where K is the gauge factor and ¢ is the applied strain,
the gauge factor can be calculated from the values of the graph: AR is the
height of the peaks and Ry is the baseline.
For the three peaks a gauge factor of K = 11 is found. The spike observed at
the start of each stress cycle is due to the fact, that a weight load is manually
placed on top of the four point bending probe. Even though the weight is
loaded very gently, the stress goes momentarily up, however, the resistance
rapidly stabilizes.
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Figure 5.15: LEFT: R as a function of time for a 6.5% XE2 composite, where a tensile

stress of 160 MPa corresponding to a strain of & = 1.1 - 1072, is applied in
a cyclic manner. Ry and AR is found from the graph and for the three peaks
gauge factors of K = 11 is found.

RIGHT: AR/R, as a function of the strain, €. A linear fit (the dotted line) is
made in the interval &£ > 0.37 - 1073 and from the slope one gets K = 11 for
the gauge factor.

2. A tensile stress is stepped from zero to 200 MPa in five equidistant steps

over a period of 10 minutes. If AR/R is plotted as a function of the strain,
&, the gauge factor can be found as the slope of the graph.

Figure 5.15 (right) shows a plot for a 6.5% XE2 composite. A linear behav-
ior is not observed in the whole strain range. Using a simple model involv-
ing electron tunneling between homogeneously dispersed spherical filler
particles, Zhang et al. have also measured and theoretically explained the
non-linear behavior of the AR/R vs. € curve [81,82]. They have used carbon
black and copper- and aluminum powder as filler material and polyethylene,
polystyrene and epoxy resin as insulating matrices.

To estimate the gauge factor, it was decided to make a linear fit (the dotted
line) in the interval € > 0.37-1072, since the strain applied in method (1) lies
in this interval. A gauge factor of K = 11 is found. There is good agreement
between the gauge factors measured with method (1) and (2).

Gauge factors have been measured for the three different types of carbon black,
XE2, CD975U and CD7051U at different carbon concentrations. Figure 5.16
shows the measured gauge factors, K, as a function of the resistivity, p, for the
different composites. The graph represents measurements for several chips and
the error bars indicate the range of the measured values. Depending on the type
of carbon black and the concentration, piezoresistive responses with gauge factors



5.3. Measurements 45

60

& XE2
S0r m975U

A7051U
40 |

M 30 |
20 - {
10
Ny
[ o

0

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

p [©2m]

Figure 5.16: The gauge factor, K, as a function of the resistivity, p. The gauge factors
increase as the resistivity is increased, however the spread in the measured
values also increase (indicated by the error bars). The data presented repre-
sents measurements for several chips and at different electrode spacings.

of K =~ 3 — 50 have been observed.

It can be seen, that a lower resistivity gives smaller, but more reliable gauge fac-
tors. Larger gauge factors are found at higher resistivities and they are also as-
sociated with a much larger spread in the measured values. This behavior has
previously been reported for carbon black loaded polymer composites [50].

5.3.5 Fluctuations

One can illustrate the trends observed in figure 5.16 by plotting the resistance
as a function of time. Figure 5.17 shows R vs. ¢ for an 8.7% (left axis) and a
3.8% (right axis) XE2 composite, which have resistivities of pg74, = 8.0 Qm and
P38% = 4100 Qm, respectively. The measurement series are similar to the one in
figure 5.15 (left).

For the 8.7% composite the three peaks give gauge factors of Kg;9, = 5.4,6.1
and 6.5, respectively. For the 3.8% XE2 composite it is K334 = 14.6,16.7 and
18.9, respectively. The 3.8% composite thus has larger gauge factors, Kj3gq, =~
3K3 79, however the 3.8% composite has fluctuations of ~1%, whereas it is less
than 0.1% for the 8.7% composite. Furthermore, the resistivity is much larger,
P38% ~ 5000874

To monitor the fluctuating behavior of the composites, a series of drift measure-
ments were carried out, where the resistance of the fabricated XE2 and CD975U
composites was measured once every minute during one hour, with no stress ap-
plied. Figure 5.18 and 5.19 plots AR/R as a function of time for such a measure-
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Figure 5.17: R vs. ¢ for three tensile stress cycles of 180 MPa. The measured values
are for a 3.8% (left axis) and an 8.7% (right axis) XE2 composite. Gauge
factors of K3g9, = 14 — 19 and Kg74 = 5 — 6 are found, however, the
3.8% composite has a higher resistivity and the fluctuations are more than
ten times larger than for the 8.7% XE2 composite.
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Figure 5.18: AR/R vs. ¢ for a 1 hour drift measurement of the CD975U composites. The
right graph shows a zoom in on the two highest doped composites.

ment series. The graphs clearly shows, that the fluctuations increase as the amount
of carbon is decreased. The fluctuating behavior can be summarized by plotting
the standard deviation of the resistivity as a function of the resistivity, o(p). The
results shown in figure 5.20 yields a straight line in a log-log plot, hence as the
resistivity increases, the fluctuations increase with a power law dependence.

A behavior similar to figure 5.20 has previously been reported and explained
as 1/f-noise [35]. The conduction in the polymer composites has two channels.
When adjacent particles touch, they can be described as in contact, while sepa-
rated particles are “connected” through tunneling. As the composite gets more
sparse the tunneling conduction starts to dominate, hence the electrical noise is
controlled by the more noisy “tunneling network™. This explains why the fluctua-
tions increase as you move towards the percolation threshold from above.
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Figure 5.19: AR/R vs. t for a 1 hour drift measurement of the XE2 composites. The right
graph shows a zoom in on the two highest doped composites.
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Figure 5.20: The standard deviation of the resistivity, o(p), as a function of the resistivity
for the XE2 and 975 U composites. The graph shows a straight line in a
log-log plot indicating a power low dependence.
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5.4 Summary

Piezoresistive composites have been fabricated by adding carbon black nanoparti-
cles to the electrically insulating negative photoresist polymer SU-8. The compos-
ites were mixed using an ultrasonic homogenizer. Three different types of carbon
black have been used.

Chips with spin coated thin layers of composite material have been fabricated
in a cleanroom. Although the composites in some cases are completely non-
transparent, they are still possible to structure by standard UV lithography.

The electrical resistivity has been measured for the composites. As the amount
of carbon black is increased an insulator to conductor transition is observed span-
ning 4 — 6 orders of magnitude. The percolation threshold was estimated for the
three different carbon blacks and the location of the percolation threshold seemed
to be correlated with the structure of the carbon black particles, such that higher
structure carbon blacks give lower percolation thresholds.

A reversible piezoresistive effect has been proved for the composites. Gauge fac-
tors of K ~ 3 — 50 have been observed and with the largest values close to the
percolation threshold. Frazier et al. have reported similar results for graphite
filled polyimide thin film membranes for use as pressure sensors in microdevices.
They have measured maximum gauge factors of K = 16.8 and they also observe
that the gauge factors increase as you move towards the percolation threshold [26].
It is found, that the resistivity and the strain sensitivity is correlated, such that a
higher resistivity gives larger gauge factors. The high resistivity composites are
more noisy than the low resistivity composites and in general the results are more
consistent for composites with a lower resistivity.

For the lower resistivity composites, a stable and reversible piezoresistive effect
with gauge factors of K = 6 — 10 has been observed. These composites are valid
candidates for the piezoresistive readout of cantilever sensors.

Whether the high resistivity composites, with gauge factors up to K ~ 50, can be
used for the piezoresistive readout in cantilever sensors, will depend on the ability
to remove the noise from the signal. This has to be investigated in a thorough
noise analysis.



Chapter 6

Silver nanoparticle SU-8 composites

As an alternative to carbon black doped polymer composites, this chapter investi-
gates silver nanoparticle doped SU-8 composites. Since the composites are com-
mercially available, mixing of the composites is avoided.

Silver nanoparticle doped thin film composites at different filler concentrations
have been structured and the conductive and piezoresistive properties have been
characterized. Finally, a batch of silver doped SU-8 cantilevers have been fabri-
cated.

6.1 Processing

Silver nanoparticle doped SU-8 is commercially available from Gersteltec, Lau-
sanne, Switzerland [83]. The product consists of SU-8, the solvent y-butyrolactone
(GBL) and silver nanoparticles. The size distribution of the silver nanoparticles is
shown in table 6.1 as supplied by the manufacturer [84]. Figure 6.1 shows an SEM
image of one of the structured composites and one can see 300 — 600 nm sized
silver particles. The percolation threshold for the silver composites is v, = 6% by
volume, hence composites were purchased at 4, 6, 8 and 12% to cover the whole
range from below, at to above the percolation threshold [85].

Chips with two- and four-probe electrode configuration have been fabricated.

Table 6.1: Silver nanoparticle size distribution

Size distribution at  Result [um]

10% 0.2
50% 1.5
90% 2.5

49
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Figure 6.1: SEM picture of silver nanoparticles in SU-8.

100 ym 4% 6%

8% 12%

Figure 6.2: Optical micrographs of thin film UV-structured silver/SU-8 composites. As
the amount of silver is increased the density of silver clusters increases.

The process sequence is similar to the one in figure 5.6 for the SU-8/carbon black
composites, but the baking times have been extended and the exposure doses op-
timized for the silver/SU-8 composites. For the process parameters see appendix
B.
In the case of the four-point electrode chips, the resolution is critical, hence the
exposure dose was optimized for the different silver concentrations. The exposure
dose was set to 495 mJ/cm? for the 4, 6 and 8% composite and 675 mJ/cm? for the
12% composite. Figure 6.2 shows an optical picture of thin films of UV-structured
composites for the four different silver concentrations. One clearly sees how the
aggregate density increases with the silver loading.

No spin coating standardization data is available for the purchased composites.
Instead, it is suggested from the supplier to control the thickness of the composites
by scraping them on a quartz wafer and do the UV exposure from the backside.
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Figure 6.3: Thickness of silver/SU-8 composites measured with a Dektak 8 profilometer.

By adjusting the exposure dose one can then control the crosslinked thickness.
Quartz wafers are not compatible with the process sequence, but as the thickness
is not critical in the design, no optimization of layer thickness was carried out.
Figure 6.3 shows the averaged measured thickness of the composites for different
exposure doses. The spin speed was set at 4500 rpm for 40 s at low acceleration
and the thickness are between 6 and 15 ym depending on the silver concentration.
The data for the 12% composite is not included in the graph, since the structures
were very rough, with thicknesses between 10 and 30 um.

6.2 Measurements

Measurements have been carried out for both the chips in two- and four-probe
electrode configuration

6.2.1 Two-probe measurements - resistivity

Two-probe resistances have been measured for the composites and the resistivi-
ties have been calculated according to equation 5.2. The minimum and maximum
measured values for each composite are summarized in table 6.2 along with the
values from the supplier.

As can be seen from table 6.2, there is a huge difference between pp, and pyax.
The results can be explained by plotting the resistance R, as a function of the
length L, see figure 6.4. For the 4% and 6% composites, the resistance increases
4 orders of magnitude, when L goes from 50 to 100 um. For the 8% composite,
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Table 6.2: Silver/SU-8 resistivities
Pmin [Qm] Pmax [Qm] psupplier [Qm] [85]

4% 0.09 6400 50
6% 0.12 9800 ~1.0-1073
8% 0.3 8000 ~1.0-1073
12% 0.02 0.8 ~1.0-10™
L/'W
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Figure 6.4: Semi-log plot of the resistance, R, as a function of the length of the resistor,
L. For the 4%, 6% and 8% composite, the resistance was too high to be
measured for L = 500 um. The corresponding L/ W-ratios of the resistors are
also shown.

the resistance increases 4 orders of magnitude, when L goes from 100 to 200 um.
For the 12% composite no exponential increase is seen.

Figure 6.4 gives information about the correlation length (the diameter of the
largest, but finite clusters) of the four different composites. When the length of
the resistor L, becomes larger than the correlation length of the composite, one
would expect a drastic increase in the resistance. The correlation length can thus
be estimated from figure 6.4 as the point, where the resistance has a sharp increase.
For the 4 and 6% composite it is between 50 and 100 ym, for the 8% composite
between 100 and 200 ym and for the 12% composite it is above 500 pum.

Figure 6.5 shows SEM images of the four composites. For the 4% composite iso-
lated clusters are present, but as the amount of silver is tripled to 12% the silver
aggregates are really close.

To verify that it actually is silver that is imaged, an X-ray image was taken.
Figure 6.6 (left) shows and SEM image of a 4% silver composite and figure 6.6
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Figure 6.5: SEM images of the silver composites. The bright spots show the silver ag-
gregates.
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| 20 ym |

Figure 6.6: LEFT: SEM micrograph of a 4% silver composite.
RIGHT: Corresponding X-ray signal from silver. The black dots represent
the number of the collected X-ray photons. The intensity is clearly largest
from the areas with silver aggregates.

(right) shows the intensity of the collected X-ray photons from the same sample.
The intensity of the X-ray photons is clearly largest from the silver aggregates.
For a 12% composite thin film, the sheet resistance R, was also measured using
a microscopic four-point probe from CAPRES A/S [86], see figure 6.7 for a
schematics of the four-point probe principle. The probe has four cantilevers that
are 1 um thick, 6 yum wide, 30 yum long and have a pitch of 20 um. The sheet re-
sistance was measured on a 5X5 grid, measuring 50x50 um?. The resistivity was
found by multiplying the measured sheet resistance by the film thickness, p = R;t.
Values were measured to p=6.3-107* — 1.8-:10~> Qm, which is of the same order
of magnitude as the values provided by the manufacturer.
One should note, that within the 50x50 um? square, the resistivity varies a factor
of 30. Some of it can be attributed to differences in the film thickness, but it is
also clear when looking at figure 6.5, that it matters where you place your probe.
If you place the probe directly in a silver cluster, the measured resistivity will off
course be lower, than if you place it in outside a cluster.
For the other composites, the resistivity was too high to be measured with the mi-
croscopic four-point probe, since it can only measure resistivities below 1.0 - 1072
Qm.



6.2. Measurements 55

©

Figure 6.7: Schematics of the four-point probe principle. Four electrodes are touching the
sample. A current is driven through the two outer electrodes and the voltage
drop is measured across the two inner electrodes. The four-point probe can
be moved to scan a larger sample area.

6.2.2 Two-probe measurements - piezoresistivity

To measure the piezoresistivity of the composites a series of measurements were
carried out, where a stress was applied in a cyclic manner, hence 2 minutes stress
released, 2 minutes of non-zero stress, 2 minutes stress released etc. Three com-
plete cycles were made for a total 14 minutes with a tensile strain of e=1.1-1073.
Figure 6.8 shows the measured resistance, R, as a function of time for a 6% com-
posite, for the resistor lengths, L=5 um (left R-axis) and L=25 um (right R-axis).
From the figure one can find AR as the height of the peaks and one can see that
AR = 0.25 — 0.3 Q. This is the inherent piezoresistive contribution one would
expect from the gold electrodes, hence there does not seem to be a piezoresis-
tive contribution from the composite itself. Furthermore, if the composite has a
piezoresistive contribution, one would expect from the relation, AR = KR, that
AR»sum = 5ARs,;, since the length of the resistor is five times larger. Looking at
figure 6.8 one can see that AR5, ~ AR5y, hence the piezoresistive contribution
from the composite must be small or non-existing.

The 4, 8 and 12% composites show a similar behavior. The resistance change is
identical for all the four composites, AR ~ 0.3 Q, hence there does not seem to be
a piezoresistive contribution from the composites.

The purchased composites are mainly sold as conductive resists at higher load-
ings (30-40%), where the microstructure of the composites is not important as
long as the composite is a good conductor. For a composite to have piezoresistive
behavior, you need well dispersed filler particles, such that a complex conduc-
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Figure 6.8: R vs. t for a 6% composite at the lengths L = 5 yum and L = 25 um. One can
see that AR25,m = ARs;m.

tive network of filler particles can be formed. A possible explanation of why no
piezoresistive effect is observed in the composites, could be that the mixing was
insufficient for the complex conductive network to be formed.

6.2.3 Four-probe measurements

Measurements were also carried out using the four-probe electrode configuration
from chapter 4, where a constant current, /, is driven through the resistor and the
voltage drop, V, across is measured. Unfortunately, it was not possible for any of
the composites to drive a current through the resistors and perform a measurement.
Although the currents were in the nA range, the resistances were too high to drive
the currents through the resistors.

From the design requirements of the four-point probe, the resistors have L/W-
ratios of 6—50. For the two-point probe configuration, the L/ W-ratios are between
1.7 - 1073 = 0.17, which is 1 — 4 orders of magnitude lower. It means, that due to
the high L/W-ratio of the resistor design in the four-point probe configuration, the
probability that a silver aggregate is connecting the two ends of the resistor and
conducting the current all the way through is very low.

Figure 6.9 shows SEM images of a 6% silver resistor, where the cluster formation
is visible. If the resistor is long and narrow, the probability that there exists a
conductive path through the resistor is very low.

Two tricks were tried to improve the conductivity of the samples:

(1) The composites were given a hardbake at 120°C for 90 minutes. This should
evaporate solvent of the SU-8 and could thereby increase the conductivity by an
order of magnitude [85], however it did not improve the measurements.

(2) It was suspected, that the connection between the resistor and the connector
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Figure 6.9: SEM micrograph of 6% composite. Silver aggregates are visible and there is
no silver path through the resistor.
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Figure 6.10: UV exposed structures of a 12% composite. LEFT: Optimized exposure
dose - gap is present. RIGHT: Over-exposed structure. The gap has been
closed.

pads was too bad, so the samples were over-exposed to completely crosslink the
gap between the resistor and the connection pads. In figure 6.10, one can see that
the gap has been eliminated in the over-exposed case, but it did not improve the
measurements.

6.3 Silver SU-8 cantilevers

It is not easy to fabricate thin and straight SU-8 cantilevers. When the cantilevers
become very thin (~ 2 um), they will start to bend after being released from the
wafer, due to internal stresses in the polymer [87].

A batch of cantilevers has been fabricated using the silver/SU-8 composite to in-
vestigate, whether the silver nanoparticles could lower the internal stress in the
SU-8 and thereby produce more straight cantilevers.

A conductive polymer cantilever could also be of interest for conductive AFM
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Figure 6.11: Process recipe for silver doped SU-8 cantilevers.

measurements.

6.3.1 Fabrication

A batch of cantilevers was fabricated using the 4% silver doped SU-8. The can-
tilevers were fabricated from the process sequence shown in figure 6.11:

(A): A teflon (C4Fg) passivation layer is deposited in an advanced silicon etch
(ASE). (B): 4% silver doped SU-8 is spin coated and the cantilever layer is de-
fined by UV-lithography (thickness of 5-7 um). (C): Support structure is defined
and cantilevers are dry-released using a pair of tweezers. For process parameters,
see appendix C.

The cantilevers were released using a dry-release method developed by PhD
Stephan Keller [87]. Due to the low adhesion between teflon and SU-8, the can-
tilevers can be released by picking them off the wafer with a pair a tweezers. The
dry-release method has been shown to work well for pure SU-8, however as can
be seen from figure 6.12 the silver doped cantilevers broke in some cases during
the dry-release. This could either be due to improved adhesion between silver
doped SU-8 and teflon or because the SU-8 becomes more brittle, when the silver
nanoparticles are added. The release yield was around 40%.

Figure 6.13 shows SEM images of cantilever arrays after the release. It is clear
from the SEM images that there is a big difference in the status of the cantilevers
after the dry-release; some cantilevers are broken, some are bending and some
cantilevers are straight.

From the fabricated cantilevers it is hard to say something conclusive about the
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Figure 6.12: Optical image of a cantilever array (seen from above). LEFT: Cantilevers
before the dry-release. RIGHT: Cantilevers after dry-release. It can be seen

that the cantilevers are broken off at the support.

Figure 6.13: SEM images of 5-7 um thick silver nanoparticle doped SU-8 cantilevers.
UPPER-LEFT: Array of eight 500 um long and 100 um wide cantilevers.
Cantilevers 2,6 and 8 are broken or partially broken during dry-release, can-
tilevers 1 and 3 are bending and cantilevers 4,5 and 7 are straight. UPPER-
RIGHT: Silver aggregates are visible on the cantilever surface. LOWER-
LEFT: Two 300 um long and 100 um wide cantilevers. The top cantilever
is bending, while the lower cantilever is straight. LOWER-RIGHT: Array
of eight 500 um long and 100 um wide cantilevers. Cantilevers 1 and 2
are broken off during the release and cantilevers 3-8 are bending slightly

upwards.



60 Chapter 6. Silver nanoparticle SU-8 composites

effect of the silver nanoparticles on the internal stress of SU-8. A more thorough
analysis is needed, where the bending of silver doped SU-8 cantilevers with dif-
ferent concentrations, is compared with the bending of pure SU-8 cantilevers.

6.4 Summary

Silver nanoparticle doped SU-8 composites with four different concentrations, (4,
6, 8 and 12%) have been investigated. Thin composite structures have been fabri-
cated by UV lithography.

The resistivities of the fabricated thin films have been measured with both a two-
and a four-probe technique. The resistivities are found to be highly dependent on
the dimensions of the measured structures, due to aggregates in the composites.
With a microscopic four-point probe from CAPRES A/S, the resistivity of a 12%
composite film was measured and found to vary a factor of 30 within a 50 x 50
um? square.

The silver composites were not found to have a significant piezoresistive effect.
This might be due to an insufficient mixing of the composites, that does not create
a complex conductive network.

A batch of 4% silver doped SU-8 cantilevers has been fabricated. The cantilevers
were fabricated on a teflon coated silicon wafer, hence they can be dry-released
by picking them off the wafer with a pair of tweezers. Whether or not the silver
nanoparticles have an effect on the internal stress of the SU-8 cantilevers needs
further investigation.



Chapter 7

Conductive polymers

To avoid the difficulties regarding mixing of conductive filler particles in a poly-
mer matrix, this chapter investigates the intrinsically conductive polymer polyani-
line. The idea is to find a polymeric materials that is piezoresistive by nature, such
that no conductive filler particles need to be added.

Intrinsically conductive polymers have been used for many versatile purposes in-
cluding microactuators [88], sensing of ammonia [89], sensing of ethanol, propanol
and acetone [90], all-polymer micropumps [91], light-emitting-diodes (LEDs)
[92] and all-polymer thin film transistors [93].

The chapter gives a general introduction to the basic characteristics of conductive
polymers, with focus on polyaniline. It is described how polyaniline can be pat-
terned and the structured polyaniline thin films are characterized with respect to
the resistivity and piezoresistivity using both two- and four-probe chips.

7.1 Polyaniline

The Nobel prize in chemistry was in year 2000 given to Alan J. Heeger, Alan
G. MacDiarmid and Hideki Shirakawa “for the discovery and development of
conductive polymers” [94-96]. Intrinsically conductive polymers or “synthetic
metals” is a class of materials, that have the electrical properties of metals or
semiconductors, but have the mechanical properties and processing advantages of
polymers.

In saturated polymers all of the electrons of the carbon atoms are used for covalent
bonds, hence they are insulators. Conductive polymers are conjugated polymers,
where the chemical bonding leads to one unpaired electron (the m-electron) per
atom along the backbone. If the p, orbitals of successive atoms along the back-
bone of the m-bonded system overlap, it will lead to electronic delocalization that

61
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(a)

(b)

Figure 7.1: The chemical structure of different oxidation states of polyanine: (a) emeral-
dine base and (b) emeraldine salt. The insulating emeraldine base is doped
with a protonic acid (HCI in this case) and the conductive emeraldine salt is
formed. Charge neutrality is maintained by the counterion, Cl™. Figure taken
from [98].

provides a “highway” for charge mobility along the backbone of the polymer [94].
The energy difference between the highest occupied state in the m-band and the
lowest unoccupied state in the n*-band, is the m-n* energy gap. The size of the
energy gap can be controlled through chemical or electrochemical doping, which
means that the conductivity of the polymers can be tailored.

There exists several conductive polymers, but in the present work polyaniline has
been chosen since it is inexpensive, the polymerization is straightforward and pro-
ceeds with a high crosslinking yield and polyaniline has excellent stability.
Figure 7.1 shows the chemical structure of two different oxidation states of polyani-
line - emeraldine base and emeraldine salt. Polyaniline is made conductive, when
the emeraldine base is doped with a protonic acid and converted to emeraldine
salt. The protonation introduces charge carriers into the electronic structure and
combined with the delocalized electrons along the backbone, it makes polyaniline
conductive. Through interchain hopping, the conductivity is extended into three
dimensions [94]. The conductivity of polyaniline can be reversibly changed from
insulator to conductor by adjusting the level of doping [95].

The present work has used polyaniline in the form of Panipol T manufactured
by Panipol Oy, Finland [97]. Panipol T is green colored liquid, that consists
of polyaniline salt (<15%) dissolved in toluene (>85%). The polyaniline salt
has been made by doping the emeraldine base with dodecylbenzene sulfonic acid
(DBSA).
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Figure 7.2: Optical image of a Panipol/SU-8 composite. Aggregates of up to 100 um in
diameter are observed.

7.2 Processing

Initially, it was tried to mix Panipol T and SU-8, as an easy why to obtain a
conductive and UV sensitive composite. Panipol/SU-8 composites were mixed
together in the relationship 0.5:3, 1:3 and 2:3. Even for the lowest Panipol T con-
centration, the composite was very viscous and had aggregates of up to 100 ym in
diameter, see figure 7.2. It is believed, that due to the acidic nature of Panipol T,
the crosslinking of SU-8 is kick-started, which then obscures the UV structuring,
hence this approach was abandoned.

Polyaniline can be “patterned” by deep UV (254 nm) [99, 100]. When exposed to
deep UV radiation, polyaniline is locally oxidized and (nearby) reduced (electron-
hole pair creation and separation into free carriers) [94]. This can increase the
sheet resistance by up to 11 orders of magnitude, hence you have an extremely
high conductivity contrast between exposed and non-exposed areas [101]. Deep
UV is not possible at the DTU Danchip cleanroom facility, so another method for
structuring polyaniline was searched.

Conductive polymers can be structured in several ways including nanoimprint-
ing [102], using oxygen plasma together with an etch mask [103], standard lift-off
process [104] and using the hydrophilic nature of polyaniline and spin coat it on
substrates previously patterned with hydrophilic and hydrophobic regions [105].
Figure 7.3 shows the two methods used for structuring polyaniline in this work:
Plasma ashing with an etch mask and standard lift-off process. These two methods
were chosen, since they are fast and compatible with standard cleanroom equip-
ment.

Using the two methods, chips in both two- and four-probe electrode design were
fabricated. The minimum feature size for the two designs is 5 and 15 um, repsec-
tively and this resolution was achievable with both patterning methods.
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Figure 7.3: Schematics of the two different process sequences used for structuring
polyaniline (not to scale). In both cases, the chips are released by dicing
them out from the wafer. For process parameters, see appendix D.

7.2.1 Plasma ashing with SU-8 etch mask

The process sequence for plasma ashing with SU-8 as an etch mask is shown in
figure 7.3 (left):

(A): 1500 A thick SiO, layer is thermally grown or 1.5 um SU-8 is spin coated
on top of a 4” Si wafer for electrical insulation. (B): 50/2000 A Ti/Au is e-beam
evaporated on top of a patterned layer of AZ 5214E photoresist and electrodes are
defined by a lift-off process. (C): Polyaniline is spin coated and baked and a 2 ym
thick layer of SU-8 is UV-patterned on top. (D): Residual polyaniline is removed
with an O,/N; plasma using SU-8 as an etch mask.

When Panipol T was spin coated on SiO,, a large acceleration was needed to have
a nicely covered wafer.

The SU-8 etch mask is patterned on top of a polyaniline thin film and the residual
polyaniline is removed by an O,2/N, plasma treatment. The etching with SU-8
as an etch mask, relies on the fact that crosslinked SU-8 is much more resistant
to the plasma treatment than the polyaniline thin film, so polyaniline is removed
and SU-8 stays. Another way to remove the residual polyaniline could be to use
toluene, which is the solvent of polyaniline, but this has yet to be investigated.

In some cases, the SU-8 etch mask structures had cracks after the development
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Normal Optimized

Figure 7.4: LEFT: Normal SU-8 recipe with cracks. RIGHT: Optimized SU-8 process
without cracks.

300 ym

Figure 7.5: Optical image of a hole in the gold electrodes created by the ZIF-socket.

in PGMEA, hence the plasma treatment could not be used, see figure 7.4. This
problem was resolved by using an optimized SU-8 process with longer baking
times at lower temperatures, developed by S. Keller [87]. Figure 7.4 (right) shows
the result for the optimized process with no cracks.

Both SiO, and SU-8 have been used as electrical insulation layer. When inserted
in the ZIF-socket, it turned out, that the SU-8 substrate was sometimes too soft.
As shown in figure 7.5, the contacts of the ZIF-socket in some cases penetrated
the gold electrodes of the chip and went into the insulating SU-8 substrate, such
that there was no electrical connection. This problem did not occur for all the
batches.

In general, two-probe chips have been fabricated with SU-8 as an etch mask and

SU-8 as the insulating layer and four-probe chips have been fabricated with SU-8
as an etch mask and SiO; as the insulating layer.

The last step in figure 7.3 (left) was carried out in a plasma asher. It was found
that the etch rate was very unreproducible. In some cases a residual Panipol layer
was wiped off the individual chips with a cleanroom tissue with acetone, just
before measuring.
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Figure 7.6: Optical images of polyaniline structures on an SU-8 substrate defined by lift-
off in acetone. On the right hand side picture one can see how polyaniline is
lifted off in pieces, showing that the polyaniline thin film was crosslinked.

7.2.2 Lift-off

The lift-off process is shown in figure 7.3 (right):

(A) A 1.5 um thick layer of SU-8 is spin coated on top of a 4” wafer for electrical
insulation. (B) 50/2000 A Ti/Au is e-beam evaporated on top of a patterned layer
of AZ 5214E photoresist and electrodes are defined by a lift-off process. (C) 300
nm thick layer of polyaniline is spin coated and baked on top of a patterned layer
of AZ 5214E photoresist and defined by a lift-off process.

The lift-off was first attempted with SiO, as the electrical insulating substrate,
but the polyaniline had low adhesion to SiO, and was removed during lift-off in
acetone. Instead, SU-8 was used as the insulating substrate and it proved to have a
good adhesion to polyaniline and the lift-off worked fine. From figure 7.6 (right)
one can see that the polyaniline film is lifted off in pieces, which shows that the
polyaniline film is crosslinked.

7.3 Measurements

To verify the composition of the spin coated polyaniline thin films, they were char-
acterized by Fourier Transform Infrared Spectroscopy (FTIR). In FTIR, infrared
radiation is passed through a sample. Some of the infrared radiation is absorbed
by the sample and some of it is passed through (transmitted). The obtained spec-
trum gives a molecular fingerprint of the sample. The FTIR measurements were
carried out at the Danish Polymer Centre DTU.

Figure 7.7 shows an FTIR spectrum of a thin film of Panipol T, spin coated on a
silicon wafer. The main peaks have been identified as: 1561 and 1497 cm™' (C=C
stretching deformation of quinoid and benzenoid rings), 1300 cm™' (C—N stretch-
ing of secondary aromatic amine), 1100 cm™' (aromatic C—H in-plane bending)
and 1031 cm™! (absorption of a —SO3H group). The spectrum is similar to previ-
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Figure 7.7: FTIR spectrum of a spin coated film of Panipol T. The spectrum shows the
transmittance as a function of the inverse of the wavelength.

ously reported spectra on polyaniline [106, 107].

In the following, measurements of the fabricated chips in both two- and four-
probe electrode configuration are described. All the measurements have been car-
ried out at room temperature.

7.3.1 Two-probe measurements

Below is shown measurements for two chips from two different batches, batch 1
and 2. The process recipes are identical, except for the plasma asher time, which
was doubled in batch 2.

Batch 1

Initially the contact resistance was estimated by plotting R as a function of the
length L, see figure 7.8. The graph yields a straight line and the contact resistance
is found as the crossing of the R-axis, which gives Reopaee = 88 Q. The contact
resistance was found to be constant during straining of the chip.

For measuring the strain sensitivity of the polyaniline thin films, a measurement
series was carried out, where a tensile strain of & = 1.1 - 107 was applied to a
200 nm polyaniline thin film in a cyclic fashion, i.e. 120 s stress released, 120 s
non-zero stress, 120 s stress released and so on. Two complete cycles were made.
Figure 7.9 shows the measured two-probe resistance, R, as a function of time (the
contact resistance has been subtracted from the R-values).

From the graph it is clear that the resistance decreases, when the tensile stress
is applied. From the relation AR/R = Ke, the gauge factors can be calculated
with the values from figure 7.9. The gauge factors are found to K; = —4.7 and
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Figure 7.8: The resistance, R, as a function of the length, L, of the polyaniline thin film.
The contact resistance can be found as the crossing of the R-axis.
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Figure 7.9: The two-probe resistance, R, as a function of time for a 200 nm polyaniline
thin film. The length of the polyaniline film is L =500 ym.

K, = —4.0, for the 1st and 2nd cycle respectively, hence polyaniline has a negative
gauge factor.

Batch 2

The contact resistance is again estimated by plotting R vs. L. Figure 7.10 shows a
straight line and the contact resistance is found to Reonee = 256 €. The value was
constant during straining of the chip.

Figure 7.11 plots R vs. t, for a measurement series similar to figure 7.9, but the
cycle period was increased to 200 s and five cycles were made for a total of 36
minutes.

From figure 7.11 it is clear that the resistance decreases, when the tensile strain
is applied, hence the strain response is again negative. For the five different cy-
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Figure 7.10: The resistance, R, as a function of the length, L, of the polyaniline thin film.
The contact resistance can be found as the crossing of the R-axis.
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Figure 7.11: The two-probe resistance, R, as a function of time for a 200 nm polyaniline
thin film. Tensile strain is applied in cyclic manner: 200 s no stress, 200 s
non-zero stress, 200 s no stress and so on. The non-zero stress/strain periods
are indicated.

cles gauge factors are found to be K;_5 = =7.4,—-6.7,—-6.5,—-6.4 and 7.5, hence
polyaniline has a negative gauge factor.

Some drift is seen in the measurement series in figure 7.11, but since the it is linear
and as the gauge factor are calculated using mean values, the drift cancels out.

For the two series (figure 7.9 and 7.11), the resistivity was calculated for the
nine different electrode spacings, L;_g, using equation 5.2. Values were found to
p1 =0.85-1.2-10 Qm and p, = 5.4 — 7.4 - 1073 Qm, which agrees with the
values supplied by the manufacturer [108]. The difference in the resistivities of
the two batches may be due to uncertainties in the film thickness. Further experi-
ments would include a more careful investigation of the polyaniline film thickness.

Figure 7.12 shows R vs. t for a measurement series similar to figure 5.12, where



70 Chapter 7. Conductive polymers

0-T—-0—-C—>0->T—>0—>C—0
1186 ; T ; ; ; T ; T

1182

1178

R[Q]

1174

1170
0 400 800 1200 1600

Time [s]

Figure 7.12: The two-probe resistance, R, as a function of time for a polyaniline thin film.
160 MPa tensile/compressive stress is applied alternately: 200 s no stres
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Figure 7.13: AR/R vs. t for a 1 hour drift measurement of a polyaniline thin film.

a tensile and compressive stress of 160 MPa is applied alternately to a chip from
batch 1. The figure has 9 time intervals of 200 s: “0*” indicates periods of stress
released, “I” indicates periods of non-zero tensile stress and “C” indicates peri-
ods of non-zero compressive stress.

As polyaniline has a negative gauge factor, one should expect R to decrease for

0—T and C—0 and increase for T—=0 and 0—C. From the graph one can see that
the behavior generally is as expected, except for the 0—C transition. When the
compressive stress is applied, the resistance has a sharp initial drop, before it in-
creases again. This behavior was observed in several measurements and is not yet
understood.
The drift of a polyaniline thin film was measured in a series, where the two-probe
resistance was measured once every minute for a total of 1 hour with no stress
applied. Figure 7.13 shows AR/R as a function of time and by looking at figure
5.18 and 5.19, one can see that the fluctuations of the polyaniline thin film is of
the same order as the highest doped carbon nanoparticle SU-8 composites.
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Figure 7.14: A 200 nm polyaniline film subjected to a compressive stress stepped from
zero to 55 MPa and back to zero again. LEFT: AR/R as a function of time.
The measured signal is shown along with the drift and the drift-corrected
signal. The time-axis corresponds to 10 minutes. RIGHT: AR/R as a func-
tion of strain, €. A straight line is fitted to the data and the gauge factor is
found as the slope of the graph. A negative gauge factor of K = -2.1 is
found.

7.3.2 Four-probe measurements

To eliminate the contact resistance, measurements were carried out with the four-
probe electrode design explained in section 4.1.2. A constant current of 7 = 100
UA is passed through a 200 nm thick polyaniline film and the voltage drop across
is measured, while a compressive stress is applied. In a period of 10 minutes, the
stress is stepped from zero to 55 MPa and back to zero again in a total of 12 steps,
using the microstepper described in section 4.2.1.

Figure 7.14 (left) shows AR/R as a function of time. When the stress is applied
the relative resistance change goes up and it returns to its initial value, when the
stress is released. As some drift was observed, the figure also shows the drift and
the drift-corrected signal.

Figure 7.14 (right) shows AR/R as a function of the strain, &. As the stress is com-
pressive, € < 0. A straight line is fitted to the data and as AR/R = Ke the gauge
factor is found from the slope of the graph to K = -2.1.

In another series, a compressive stress is applied to a 200 nm thick polyaniline
film. The stress is stepped from zero to 43 MPa and back to zero again. Three
complete cycles are carried out over a period of 30 minutes. Figure 7.15 shows
AR/R as a function of the strain, €. For each of the three cycles a linear relation-
ship is found. The gauge factors are found to K;_3 = =2.1,-1.9 and —1.8, hence
the piezoresistive effect of polyaniline is negative and stable in time.

Several measurements series were carried out and gauge factors were found
in the range K = —-2.9 - —1.5 and resistivities were measured in the range p =
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Figure 7.15: A 200 nm polyaniline film subjected to a compressive stress stepped from
zero to 43 MPa and back to zero again. Three complete cycles are made.
The figure shows AR/R as a function of €. Gauge factors are calculated to
Ki_3=-2.1,-1.9 and —1.8, respectively.
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Figure 7.16: The illustration shows how two polyaniline chains are moved closer to-
gether, when a tensile strain is applied to the sample.

0.24-0.3-107 Qm.

For both the two- and four-probe measurements, the gauge factors were found
to be negative. It has previously been shown, that the conductivity of polyani-
line increases up to four times, when subjected to large tensile strains (~400%),
due to alignment of the polymer chains [98]. The effect of tensile straining, is to
locally order the polymer chains, which increases interchain conduction and this
increases the conductivity [109]. The same mechanism could explain the negative
gauge factors of polyaniline. Although the polyaniline films are strained much less
(~ 0.4—1%o) the effect could be the same; when subjected to a tensile/compressive
strain, the polymer chains are moved slightly closer together/further away, inter-
chain conduction increases/decreases and this gives rise to a negative gauge factor
(see figure 7.16).

The measured resistivities and gauge factors showed some differences. The mea-
sured values for the resistivity, were found to lie within a factor of 3-30. For the
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gauge factors, the same qualitative behavior has been found in all the measure-
ments; polyaniline has a negative gauge factor, but the size of the gauge factors
was not constant.

Possible explanations to the observed differences could be uncertainties in the film
thickness or differences in plasma asher time. Moreover, the four-probe chips have
Si0; as substrate and the two-probe chips have SU-8. Furthermore, the four-probe
chips were fabricated using a different bottle of Panipol T, than for the two-probe
chips and it is possible, that there are some differences in the composition from
bottle to bottle. The exact explanation of the differences has to be investigated in
further measurements.

7.4 Summary

The intrinsically conductive polymer, polyaniline, has been investigated. Polyani-
line thin films have been structured either by plasma ashing using an SU-8 etch
mask or with a lift-off process. Two- and four-probe chips have been fabricated.
Resistivities have been measured to p ~ 107 Qm, which is in accordance with
the values supplied by the manufacturer.

Gauge factors were measured and polyaniline was found to have a negative gauge
factor and values were measured in the range K = —=7.5 - —1.5. A possible expla-
nation of the origin of the negative gauge factor of polyaniline was presented.






Chapter 8

Thin metal films

For very thin evaporated metal films, a percolative structure with metal islands will
be formed [110]. As already shown by Neugebauer and Webb, the conduction
in such a discontinuous metal film is dominated by electron tunneling between
adjacent metal islands [111]. The tunnel current is exponentially decreasing with
the distance between metal islands, d, hence a slight displacement of the islands
by an external mechanical strain, will cause a large change in the tunnel current.
Discontinuous metal films can thus be very strain sensitive and have large gauge
factors.

This chapter describes the deposition of thin metal films and the characterization
of their structure. Both the resistivity and the strain sensitivity has been measured
for the deposited metal films.

The work presented in this chapter was carried out in collaboration with research
assistant Martin Spieser.

8.1 Introduction

The conductivity of a metal film can be divided in four regions depending on the
thickness, ¢, of the film [112]:

(a) Thick films: For t much greater than the electron mean free path, the film has
essentially bulk properties.

(b): Thin continuous films: For a thickness of the order of one half to five times
the electron mean free path, the conductivity becomes increasingly affected by
surface- and grain boundary scattering, which reduces the conductivity.

(c) Nearly discontinuous films: For nearly discontinuous films, the conductivity is
further limited by the dimension of the “bridges” connecting the metal islands.
(d) Discontinuous films: For a film consisting of small metal islands, the con-
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ductivity is governed by electron tunneling between neighboring islands. Gauge
factors will increase as the island size decreases and island separation increases.
For discontinuous gold films, gauge factors exceeding the bulk values have been
reported by several authors [112-115].

For Ag, Cu, Al and Au the electron mean free path at room temperature is 52, 39,
15 and 38 nm, respectively [116].

Whether or not island formation will take place during deposition of a metal film
on a substrate will, besides chamber pressure and temperature and roughness of
the substrate, depend on the interfacial energies of the involved materials. Assum-
ing no kinetic constraints, the criterion for island formation is defined as

Ym/ox > Yviox — Vv/m » (81)

where yy0x 18 the metal-oxide interfacial free energy and yyx and Yy is the
surface free energy of the clean oxide and metal in vacuum, repscetively [117]. If
criterion 8.1 is fulfilled, the metal does not wet the oxide/vacuum interface, but
instead islands are formed with regions of clean oxide surface between.

By defining the adhesion energy as

Eadh = Yvm t VYvjox — VYmjox » (82)
the criterion for island formation becomes
Eadh < 2'yv/m . (83)

As an example, gold on silicon dioxide has E,q, = 227 — 246 mJ/m?. AS yy/a, =
1125 mJ/m?, criterion 8.3 is fulfilled, hence gold is expected to form islands when
deposited on silicon dioxide [117].

The strain sensitivity of the discontinuous metal films comes from the exponen-
tially decreasing tunnel current. Another way to exploit this effect, is to turn a
scanning tunnel microscope (STM) into a strain sensor [118,119]. Electrodes with
a spacing in the sub-nanometer range are defined and as they are displaced by an
external strain, the tunnel current will change. However, even with e-beam lithog-
raphy it is not trivial to fabricate electrodes with the required spacing/resolution,
hence this method has not been investigated in this work.

8.2 Processing

For the fabrication of discontinuous metal films, two alternative methods were
investigated:(a): E-beam evaporation of thin metal films and (b): E-beam evapo-
ration of an alloy, followed by a selective chemical etch (figure 8.1) [120].
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Figure 8.1: Schematics of selective etch to form a discontinuous metal film. LEFT: Depo-
sition of an alloy consisting of metal A and B by e-beam evaporation. RIGHT:
Selective etch of metal B resulting in a discontinuous metal film.

Initially, both methods were used to deposit thin films to find the best one. In both
cases, the metals were e-beam evaporated at 2 - 107 mbar with maximum sub-
strate temperatures of 120°C, using an Alcatel SCM 600 E-beam metal deposition
system.

8.2.1 Alloy deposition

It is not possible to simultaneously deposit metals from two different targets with
the Alcatel e-beam evaporator, hence a special alloy target had to be made by
melting two metals together. Several conditions have to be fulfilled, when choos-
ing metals: (1) It should be possible to selectively etch one of the metals, (2) The
metals should have comparable vapor pressures to insure uniformity of the de-
posited alloy and (3) As the alloy target was custom made, the metals should not
be too expensive.

These requirements are met by an Al/Ag alloy. They have comparable vapor pres-
sures, Al can be etched by NaOH and they are both affordable.

Figure 8.2 shows AFM and SEM images of a ~14 nm thick Al/Ag alloy thin film
deposited on silicon. The bright spots of around 50 nm in diameter seen in the
SEM image are probably Ag, since silver is around four times heavier than alu-
minum and heavier atoms gives higher brightness for backscattered electrons. The
spots are also seen in the AFM image. The images suggest, that the uniformity of
the deposited alloy is not good enough and that a subsequent NaOH etch would
leave large isolated silver clusters on the wafer.

It is definitely possible to fabricate porous metal films using the above described
method, however some optimization is needed. As the initial tests were not con-
vincing and the method was time consuming (the special alloy target had to be
inserted before every deposition by the assistance of a cleanroom technician,
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Figure 8.2: Tmages of a ~14 nm thick Al/Ag alloy film. LEFT: 500x500 nm?> AFM
image. RIGHT: SEM image. Bright silver spots of roughly 50 nm in diameter
are observed.

whereas regular metals are always available) focus was put on depositing thin
“mono” metal films by e-beam evaporation.

8.2.2 Thin gold film deposition

Test structures of e-beam evaporated gold films have been fabricated and their
structure characterized. The thickness of the films were measured with an AFM.
Figure 8.3 shows AFM and SEM images of a 6.5 and a 9.5 nm thick gold film
deposited on silicon.

The SEM image of the 6.5 nm thick gold film (figure 8.3, top-right) shows round
structures of ~10 nm in diameter with ~10 nm spacings. The round structures are
also recognized in the AFM picture (figure 8.3, top-left), hence it suggests that we
have a discontinuous metal film with island formation.

For the 9.5 nm thick gold film a meander structure is observed. In the SEM image
(figure 8.3, bottom-right) a feature size of ~20 nm with ~5 nm trenches is ob-
served. The structures are also found in the AFM picture (figure 8.3, bottom-left),
hence the film resembles a nearly discontinuous film.

When depositing metal with the e-beam evaporator, a deposition rate and a target
thickness is specified. For the 6.5 and 9.5 nm films, the rate was 1 A/s (the lowest
rate possible) and the target thickness 2 and 5 nm, respectively. The measured
film thickness is thus greater than the target value however, if we have a discon-
tinuous or nearly discontinuous metal film, this is also what one would expect; for
a specific deposited metal volume, the metal is collected in 3D structures, that are
thicker than a continuous film with the same metal volume.

Off course, there will also be an uncertainty in both the deposited and the mea-
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Figure 8.3: TOP: 6.5 nm Au on silicon. LEFT: AFM image (500 X500 nm?). RIGHT:

SEM image. Metal islands of ~10 nm in diameter with ~10 spacings are ob-
served.
BOTTOM: 9.5 nm Au on silicon. LEFT: 500 x500 nm?> AFM image.
RIGHT: SEM image. A meander structure is observed. For improved res-
olution, the AFM images were taken with an SSS-NCH super sharp AFM tip
from NanoWorld, with a cone angle less than 10° and a tip curvature radius
of 2 nm [121].

sured thickness. However, looking at the AFM and SEM images it is believed,
that the discrepancy between the target and measured thickness is due to island
formation.

8.2.3 Chip fabrication

For measuring the resistivity and testing the strain sensitivity of the thin gold films,
chips in the four-probe electrode design were fabricated. The fabrication process
shown in figure 8.4 (left) is as follows: (A) 1500 A Si0; is thermally grown on
top of a 4” silicon wafer for electrical insulation, (B) Thin gold film is e-beam
evaporated on top of a patterned layer of AZ 5214E photoresist and the resistor
is defined by a lift-off process and (C) 50/200 nm thick Ti/Au layer is e-beam
evaporated on top of a patterned layer of AZ 5214E photoresist and electrodes are
defined by a lift-off process. For process parameters see appendix E.

When depositing a thin film on top of a thick film by e-beam evaporation, there
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Figure 8.4: LEFT: Process sequence for the four-point probe thin films chips. RIGHT:
The “shadowing” effect. The thick electrodes cast a shadow, hence when
depositing a thin film on top, there is a risk that no electrical contact is estab-
lished.

is a risk that you do not have electrical connection, if the angle of deposition is
slightly tilted, due to the “shadowing” effect, shown schematically in figure 8.4
(right). For this reason, the thin gold film was deposited first and the thicker
electrodes were deposited afterwards on top of the thin gold film.
For the thinnest deposited gold films, the alignment marks were hard to see. This
was solved by initially depositing a thicker gold layer, using a silicon shadow
wafer that covered the entire wafer, except the alignment marks (see figure 8.5).
Four-probe chips were fabricated and the thickness of the deposited gold was
varied. Table 8.1 summarizes the target and measured thickness values and it is

clear that the discrepancy between the two grows as you move towards thinner
films.

Table 8.1: Gold film thickness - target and measured values.

Target [nm] 04 1.0 30 6.0 120 25.0
Measured [nm] 4.4 6.1 82 9.1 134 26.7

8.3 Measurements

With the fabricated four-probe chips, the resistivity and gauge factors have been
measured for the thin metal films. All measurements were carried out at room
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Figure 8.5: (1): Structured photoresist layer. (2): Thick gold layer is e-beam deposited
using the shadow mask. (3): The shadow mask is removed and the thin gold
film is e-beam deposited. (4): Lift-off in acetone.

temperature, where changes to the resistivity due to temperature changes are as-
sumed to be small, compared to the measured signals.

8.3.1 Resistivity

The resistivity was measured with the four-probe chips by passing an 7 = 500 pA
current through the resistors and measuring the voltage drop V across. Through
Ohm’s law and equation 5.2, the resistivity can be calculated.

Figure 8.6 shows the measured resistivity, p, as a function of the film thickness, .
As expected, the resistivity increases, when the thickness of the film is decreased.
The resistivity increases a factor of 3, when the thickness is decreased from 26.7
nm to 9.1 nm. The dashed line indicates the measured resistivity for a 250 nm
thick (i.e. bulk) gold film and one can see, that the resistivity tends towards bulk
resistivity, as the film thickness is increased.

For the 4.4, 6.1 and 8.2 nm thick gold films no measurements could be made. The
resistance was too high for a current to be driven through. The high resistance
could suggest, that these film had metal islands.

8.3.2 Piezoresistivity

The strain sensitivity was measured with the four-point bending fixture of chapter
4. The gold films were subjected to a compressive strain, which was stepped from
zero to & ~ =5 - 107 and back to zero again.
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Figure 8.6: The resistivity, p, as a function of the gold film thickness, 7.
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Figure 8.7: AR/R vs. ¢ for a 9.1 nm thick gold film. The graph shows both the raw and
the drift corrected data. A straight line is fitted to the data points and a gauge
factor of K = 2.3 is found.
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Figure 8.8: AR/R vs. e. Note that the strain values are actually negative. LEFT: 13.4 nm
thick gold film. K = 3.1. RIGHT: 26.7 nm thick gold film. K = 3.1.

Figure 8.7 shows AR/R as a function of the strain, &, for the 9.1 nm thick gold
film. As can be seen from the graph, there was some drift in the raw data. In the
drift corrected data, the drift has been subtracted and the graph yields a straight
line and the gauge factor K is found as the slope of the linear fit. As the applied
stress is compressive, the strain is actually negative, hence the gauge is positive
with a value of K = 2.3.

Figure 8.8 shows similar plots for the 13.4 and 26.7 nm thick gold films. Again,
the drift has been subtracted and a linear relationship is found. The gauge factors
are found as the slopes of the graphs, yielding K = 3.1 and K = 3.1 for the 13.4
and 26.7 nm film, respectively.

Measurements were carried out for several chips and table 8.2 summarizes the
maximum measured gauge factors. The measured gauge factor for 250 nm (bulk)
gold is also shown and one can see that the gauge factors have essentially the same
value for all the different thicknesses.

A possible explanation to the measured values could be, that none of the metal
films were discontinuous. Neuman and Sutton have shown, that it is only in the
case of discontinuous films, that the gauge factors will differ significantly from
the bulk values [112].

For the very thin films with islands, it was not possible to perform measurements,
since the resistance was too high. The resistors in the four-probe design are long
and narrow, hence if you have a high resistivity material, the resistances will be
very large, making it very difficult to drive current through them.

Table 8.2: Maximum measured gauge factors of different gold films.

t[nm] 9.1 134 26.7 250
K 33 31 31 30
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8.4 Summary

Thin gold films of varying thickness been fabricated by e-beam evaporation. The
structure of the deposited thin films have been investigated by AFM and SEM and
metal island formation was observed below a certain thickness. The resistivity
was measured for the gold films using a four-probe electrode design and the resis-
tivity was found to increases as the film thickness was decreased. Gauge factors
were measured for the thickest of the thin gold films and the values were found to
be essentially similar to the value for bulk gold. For the very thin gold films, the
resistances were so high that neither the resistivity or the gauge factors could be
measured.

The noise was not taken into consideration in these investigations. Although dis-
continuous metal films might offer large gauge factors, it is accompanied by an
extremely high 1/f noise [34].



Chapter 9

Conclusions

The goal of this PhD thesis has been to investigate new piezoresistive polymer
materials, with the aim of fabricating SU-8 polymer based cantilever sensors with
piezoresistive readout, that are more sensitive than silicon based cantilevers.
Disregarding the noise, the sensitivity of a cantilever is proportional to the ratio
K/E, where K is the gauge factor and E is Young’s modulus. For an SU-8 based
polymer cantilever, a gauge factor of K > 4 —5 is needed to compete in sensitivity
with silicon cantilever sensors.

Using a specially designed chip and a four-point bending fixture, gauge factors
of four qualitatively different materials have been measured and candidates with
K > 4 — 5 have been found.

Carbon nanoparticle doped SU-8 polymer composites have been fabricated, using
three different types of carbon nanoparticles: XE2, CD975U and CD7051U. When
the amount of carbon was increased, a clear insulator to conductor transition was
observed, in agreement with percolation theory. The location of the percolation
threshold seemed to be correlated with the structure of the carbon nanoparticles,
such that higher structure gives lower percolation threshold.

For the low resistivity composites, stable and reversible gauge factors of K =
5 — 10 were measured, which makes them a valid material for the piezoresistive
readout of polymer cantilever sensors. The high resistivity composites had gauge
factors up to K =~ 50, but the measurements were much more noisy, than the low
resistivity measurements. Whether or not the high resistivity composites can be
used for the piezoresistive readout, relies on the ability to remove the noise.
Carbon doped SU-8 composites have been found, with stable gauge factors, that
in principle should allow for the fabrication of polymer based cantilevers, that are
more sensitive than silicon cantilevers. The next step, is to fabricate polymer can-
tilevers with carbon doped piezoresistive readout, characterize the signal-to-noise
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ratio and compare it with silicon cantilevers.

Silver nanoparticle doped SU-8 composites are commercially available. Compos-
ites with 4, 6, 8 and 12% silver nanoparticles have been purchased. The resistivity
of the composites showed to be highly dependent on the dimensions of the com-
posite resistor, which suggests that the composites have clusters. This was also
verified by optical- and SEM images and by a microscopic four-point probe mea-
surement.

No significant piezoresistive effect was observed in the silver composites. This
was attributed to insufficient mixing, which does not allow the formation of a
complex conductive network. The investigated silver nanoparticle doped compos-
ites are thus not suited as a material for the piezoresistive readout of cantilevers.
A batch of silver doped SU-8 cantilevers were fabricated, which shows the pos-
sibility of fabricating conductive cantilevers. The silver nanoparticles might have
an effect on the internal stress of the cantilevers, but it has to be investigated fur-
ther.

The intrinsically conductive polymer, polyaniline, has been investigated. Two
different methods for structuring polyaniline thin films (lift off and plasma ashing
with an SU-8 etch mask), were explored. The polyaniline films had resistivities
of the order of p ~ 1073 Qm, which agrees with the values supplied from the
manufacturer.

Polyaniline was found to have a negative gauge factor and values were measured
in the range K = —7.5 — —1.5. The origin of the negative piezoresistive effect of
polyaniline was explained by alignment of the polymer chains, which enhances
intrachain conduction.

Some of the measured polyaniline thin films had gauge factors, which in principle
should allow for the fabrication of polymer cantilevers, that are more sensitive
than silicon cantilevers. As Kpiezopolyanmne < 0 and ngopolyaniline > 0, the two contri-
butions work in opposite directions and this lowers the gauge factor of polyani-
line. The next step would be to fabricate SU-8 cantilevers with polyaniline for the
piezoresistive readout and do a signal-to-noise characterization.

As discontinuous metal films potentially can have very large gauge factors, the
piezoresistive effect of thin gold films has been investigated. Gold films of vary-
ing thicknesses have been deposited by e-beam evaporation and characterized by
AFM and SEM. For deposited film thicknesses below 10 nm, discontinuous and
nearly discontinuous gold films were observed. Resistivities were measured for a
9.1, 13.1 and 26.7 nm thick gold film. All the measured resistivities were found to
be larger than the bulk gold resistivity, with the highest resistivities for the thinnest
films.
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Gauge factors of the gold films were measured to K ~ 3, which is essentially the
value for bulk gold. For the # < 9.1 nm thick gold films with metal islands, no
measurements could be made, since the resistance in the films were too high to
drive a current through them.

Even though discontinuous metal films can have very large gauge factors, they are
also known to have a huge 1/f noise. Whether the large gauge factors are corrupted
by the 1/f noise has to be investigated. (Furthermore, deposition of discontinuous
gold films is not straightforward.)

In conclusion, carbon doped SU-8 polymer composites proved to be the most
promising candidates for the piezoresistive readout of polymer based cantilever
sensors. The composites are UV-structurable and have a stable and reversible
piezoresistive effect. A drawback is that carbon doped SU-8 composites are not
commercially available. Fabrication of the composites is time consuming and the
reproducibility of the mixing procedure needs to be investigated.
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Appendix A

Carbon chip process recipe

1. Deposition of oxide: 1500 A Si0,, bor drive-in, DRY 1150, t=70 min.

2. Resist adhesion promoter: HMDS, recipe 4.

3. Spin resist: Trackl, PR1.5, AZ5214E.

4. UV-exposure: KS-Aligner, hard contact, t=9 s, mask="gold wiring”.

5. Develop: 70 s in NaOH:H,0 (1:5), rinse in DI water.

6. Metal evaporation: Alcatel, Ti/Au 50/3000 A.

7. Lift-off: Acetone with ultrasound. Rinse with DI water.

8. Spin coat carbon composite: Manual spinner, 4000 rpm, low acceleration,
t=40 s.

9. Pre-bake: Hotplate, 1 min. at 60°C, 1 min. at 90°C with 3 min. ramp.

10. UV-exposure: KS-aligner, hard contact, t=170 s, mask="composite”.

11. Post exposure bake: Hotplate, 1 min. at 60°C, 1 min. at 90°C with 3 min.
ramp.

12. Develop: PGMEA, 3 min. in FIRST and 3 min. in FINAL. Rinse with
isopropanol.

13. Cleaning: Dip wafers in ultrasound water bath (2-3 s).

14. Release chips: Automatic dicing saw.
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Appendix B

Silver chip process recipe

. Deposition of oxide: 1500 A Si0,, bor drive-in, DRY 1150, t=70 min.

. Resist adhesion promoter: HMDS, recipe 4.

. Spin resist: Trackl, PR1_5, AZ5214E.

. UV-exposure: KS-Aligner, hard contact, t=9 s, mask="new_4pp_electrodes”.
. Develop: 60 s in NaOH:H,0 (1:5), rinse in DI water.

. Metal evaporation: Alcatel, Ti/Au 50/2500 A.

. Lift-off: Acetone with ultrasound. Rinse with DI water.

. Cleaning: Plasma asher, O2/N2, 240/40 at 400 W for t= 2 min.

. Spin coat silever composite: Manual spinner, 6000 rpm, low acceleration,
t=40 s.

10. Pre-bake: Hotplate, 5 min. at 65°C, 30 min. at 95°C with 2°C/min ramp.

11. UV-exposure: KS-aligner, hard contact, t=55 s (4, 6 and 8%), t=70 s (12%),
mask="“new_4pp_resistor’.

12. Post exposure bake: Hotplate, 5 min. at 65°C, 30 min. at 95°C with 2°C/min
ramp.

13. Develop: PGMEA, 3 min. in FIRST and 3 min. in FINAL. Rinse with
isopropanol.

14. Cleaning: Dip wafers in ultrasound water bath (2-3 s).

15. Release chips: Automatic dicing saw.
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Appendix C

Silver/SU-8 cantilever process recipe

1. C4Fg-passivation: ASE, wettef2, 120 sccm, 300 W, 0 W, 60 mTorr, 60 s

2. Spin coat 4% silver composite: Manual spinner, 6000 rpm, 40 s, maximum
acceleration.

3. Solvent evaporation: Wait 30 min. before further processing.

4. UV-exposure: KS-aligner, hard contact, 500 mJ/cm?, mask=“IBM _cantilever”.
5. Post exposure bake: Hotplate, 1 hour at 50°C with 2°C/min ramp.

6. Develop: PGMEA, 2 min. in FIRST, 2 min. in FINAL. Rinse with IPA. Air
dry.

7. UV-exposure: KS-aligner, flood exposure, 2x500 mJ/cm?.

8. Post exposure bake: Hotplate, 1 hour at 50°C with 2°C/min ramp.

9. Spin coat SU-8 2075: KS-spinner, 300 rpm, 30 s, 100 rpm/s; 600 rpm, 60 s,
100 rpm/s. SU-8 2075, 7 s, 42 psi.

10. Soft bake: Hotplate, 15 min at 60°C with 10°C/min ramp, 105 min. at 90°C
with 10°C/min ramp.

11. UV-exposure: KS-aligner, proximity mode, 6x450 mJ/cm?, mask="“IBM _bodychip”.
12. Post-exposure bake: Hotplate, 15 min at 60°C with 10°C/min ramp, 45 min.
at 90°C with 10°C/min ramp.

13. Develop: PGMEA, 15 min. in FIRST, 15 min. in FINAL. Rinse with IPA.
Air dry.

14. Release: Pick cantilevers gently off the silicon wafer with a pair of tweezers.
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Appendix D

Polyaniline chip process recipe

Two-probe chips

1. Spin coat SU-8: KS-spinner, ske_thin_SU-8, SU-8 2002.

2. Pre-bake: Hotplate, 1 min. at 60°C, 1 min. at 90°C, with 3 min. ramp.

3. UV-exposure: KS-aligner, flood exposure, t=50 s.

4. Post exposure bake: Hotplate, 1 min. at 60°C, 1 min. at 90°C, with 3 min.
ramp.

5. Spin resist: Trackl, prl1_5, AZ5214E.

6. UV-exposure: KS-aligner, hard contact, mask="gold wiring”, t=9 s.

7. Develop: 70 s in NaOH:H,O (1:5), rinse with DI water.

8. Metal deposition: Alcatel, Ti/Au, 50/1500 A.

9. Lift-off: Acetone and ultrasound. Rinse with DI-water.

10. Spin coat polyaniline: Manual spinner, 4000 rpm, max. acceleration, 40 s,
Panipol T.

11. Bake: Hotplate, 1 min. at 90°C with 5 min. ramp.

12. Spin coat SU-8: KS-spinner, ske_thin_SU-8, SU-8 2002.

13. Pre-bake: Hotplate, 1 min. at 60°C, 1 min. at 90°C, with 3 min. ramp.

14. UV-exposure: KS-aligner, hard contact, mask="resistor”, t=50 s.

15. Post exposure bake: Hotplate, 1 min. at 60°C, 1 min. at 90°C, with 3 min.
ramp.

15. Develop: PGMEA, 3 min. in FIRST, 3 min. in FINAL. Rinse with IPA.

16. Remove residual polyaniline: Plasma asher. Batch 1: O2/N2, 250/50
ml/min. t=2X90 s at 400 W. Batch 2:02/N2, 250/50 ml/min. t=6 min. at 400
W.

17. Release chips: Automatic dicing saw.

107



Polyaniline chip process recipe

Four-probe chips

o R I NU AW -

. Oxide growth: 1500 A Si0,, bor drive-in, DRY 1150, t=70 min.

. Resist adhesion promoter: HMDS, recipe 4.

. Spin resist: Trackl, PR1_5, AZ5214E.

. UV-exposure: KS-Aligner, hard contact, t=10 s, mask="“new4pp-electrodes’.
. Develop: 70 s in NaOH:H,0 (1:5), rinse in DI water.

. Metal deposition: Alcatel, Ti/Au 50/2000 A.

. Lift-off: Acetone with ultrasound. Rinse with DI water.

. Cleaning: Plasma asher, O2N2, 240/40, 400 W, T=2 min.

. Spin coat polyaniline: Manual spinner, 4000 rpm, max. acceleration, t=40 s,

Panipol T.

10.
11.
12.
13.
14.
15.
16.

Bake: Hotplate, 5 min. at 90°C, 5 min. ramp.

Spin coat SU-8 2002: KS-Spinner, 1500 rpm, 500 rpm/s, t=30 s.

Wait 30 min. before further processing.

UV-exposure: KS-Aligner, hard contact, t=75 s, mask="“new4pp-resistor”.
Bake: Hotplate, 1 hour at 50°C.

Develop: PGMEA, 2 min. FIRST, 2 min. FINAL. Rinse with IPA. Air dry.
Release chips: Automatic dicing saw.
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Appendix E

Thin gold film process recipe

. Deposition of oxide: 1500 A Si0,, bor drive-in, DRY 1150, t=70 min.

. Resist adhesion promoter: HMDS, recipe 4.

. Spin resist: Trackl, PR1_5, AZ5214E.

. UV-exposure: KS-Aligner, hard contact, t=9 s, mask="“new4pp_resistor”.
. Develop: 70 s in NaOH:H,0 (1:5), rinse in DI water.

. Thin gold film evaporation: Alcatel, Au, rate 1 A/s.

. Lift-off: Acetone. Rinse with DI water.

. Spin resist: Trackl, PR1_5, AZ5214E.

. UV-exposure: KS-Aligner, hard contact, t=9 s, mask="new4pp_electrodes”.
. Develop: 70 s in NaOH:H,0 (1:5), rinse in DI water.

10. Metal deposition: Alcatel, Ti/Au, 50/2000 A.

11. Lift-off: Acetone in ultrasound. Rinse with DI water.

12. Release chips: Automatic dicing saw.

ORI I NN AW -

109






Appendix F

List of publications

F.1 Published articles

M. Lillemose, M. Spieser, A. Christensen, N. O. Christiansen and A. Boisen.
Intrinsically conductive polymer thin film piezoresistors. Microelectronic
Engineering, 85:969-971, 2008.

M. Lillemose, L. Gammelgaard, J. Richter, E. V. Thomsen and A. Boisen.
Epoxy based photoresist/carbon nanoparticle composite. Composites Sci-
ence and Technology, 68:1831-1836, 2008.

R. Mateiu, M. Lillemose, T. S. Hansen, A. Boisen and O. Geschke. Re-
liability of poly 3,4-ethylenedioxythiophene strain gauge. Microelectronic
Engineering, 84:1270-1273, 2007.

M. Nordstrom, S. Keller, M. Lillemose, A. Johansson, S. Dohn, D. Hae-
fliger, G. Blagoi, M. H. Jakobsen and A. Boisen. SU-8 cantilevers for
bio/chemical sensing; fabrication, characterisation and development of novel
read-out methods. Sensors, 8:1595-1612, 2008.

111



List of publications

F.2 Conference abstracts

e M.Lillemose, L. Gammelgaard, J. Richter, E. V. Thomsen and A. Boisen.
Piezoresistive SU-8/nanoparticle composites. International Workshop on
Nanomechanical Sensors. Copenhagen, Denmark, May 7-10, 2006.

e M.Lillemose, L. Gammelgaard, J. Richter, E. V. Thomsen and A. Boisen.
Piezoresistive SU-8/carbon nanoparticle composites. International Confer-

ence on Nanoscience and Technology. Basel, Switzerland, July 30-August
4, 2006.

e M. Lillemose, M. Spieser, A. Christensen, N. O. Christiansen and A. Boisen.
Intrinsically conductive polymer thin film piezoresistors. 33rd International

Conference on Micro- and Nano-Engineering. Copenhagen, Denmark, Septem-
ber 23-26, 2007.

112



