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Abstract 

Ever since the discovery of conduction in polymers, a lot of research occurs on this 
subject. A wide range of applications exists, amongst which a hot topic in 
contemporary research i.e. biosensors. This study focused on two conducting 
polymers, applied in biosensor research: PEDOT is used as test polymer and MDMO
PPV is used for immobilization of antibodies through adsorption or covalent bonding. 

A cryostat system is built to perform electrical measurements as function of the 
temperature. With this setup the temperature dependent conductivity in these 
polymers has been measured and modeled using Mott's Variable Range Hopping 
(VRH) theory. It was found that PEDOT follows Mott's one dimensional VRH law. 
At low temperatures the conductivity ofMDMO-PPV obeys Mott's three-dimensional 
VRH model and at high temperatures (above 200 K) the conductivity shows 
Arrhenius behavior and a stronger temperature dependence due to an arbitrary density 
of states. 

Impedance spectroscopy has been used to further characterize the polymers. The 
dielectrical constant and the mobility for both MDMO-PPV and PEDOT have been 
determined and correspond with literature. 

Furthermore the importance of the knowledge on these polymers has been pointed out 
by perforrning biosensor research. Impedance spectroscopy has been used to analyze 
the different constituents of an impedimetric immunosensor prototype and finally 
MDMO-PPV has been used as transducer layer in this biosensor. This sensor showed 
a reaction to the desired antigen, although the sensor needs improvement in the field 
of specificity and reproducibility. 

Although the cryostat system is assembled and programmed for Hall measurements, 
this was not possible due to the low mobility of the available polymers. The system 
has been used for various other applications, such as van der Pauw resistivity 
measurements on inorganic materials and resistivity measurements on 
superconductors. 
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1 Introduction 

The discovery of conduction in polymers in the 80's has lead to the birth of various 
new research areas [1,2]. LEDs and solar cells are just a few examples of the wide 
range of applications of the material formerly considered as an insulator. A hot topic 
in contemporary applied research is biotechnology where polymers play an important 
role, for instance in the development of biosensors. 

A polymer-based biosensor uses conducting polymers as transducer layer. As the 
polymer takes part in the electrical readout of the signal, electrical characterisation of 
the used polymers is necessary. This project takes place in the Biosensor group at The 
Institute for Materials Research (IMO), where a polymer-based biosensor is under 
development. Opposed to polypyrrole and polyaniline which are often referred to in 
literature [3,4] IMO biosensor group strives for implementation of poly(phenylene
vinylene) (PPV) in their biosensors. Throughout the years a lot of expertise has been 
acquired specifically on the PPV-polymers by the research group Organic Electrical 
Materials at IMO [5,6]. Combined with the easy handling and the possibility to vary 
the side chains these materials looked promising and indeed recently the Biosensor 
group has succeeded at activating thin polymer films for biosensing [7] In this 
framework this research project focuses on electrical characterisation of the polymers 
MDMO-PPV and PEDOT. 

In chapter 2 the theoretica! background is sketched in detail. Chapter 3 will deal with 
experimental information on the polymers and techniques used in this research project 
and technical information of the various measurement systems. 

The following chapters 4 and 5 will treat the results of various electrical 
characterization measurements. Temperature dependent behavior of the conductivity, 
impedance spectroscopy for characterizing the polymers and other layers of the 
biosensors are discussed in chapter 4 and 5 respectively. 

In chapter 6, an impedimetric biosensor measurement is performed to illustrate its 
operation. Unfortunately Hall measurements on the polymers were not possible due to 
their low mobility. Chapter 0 is an additional chapter dedicated to inorganic materials 
such as TiN and Ru02, which were obtained from IMO. The measurements, objective 
in this chapter, are perf ormed as an illustration of other possible applications of the 
cryostat setup. which could not have been performed on the polymers currently in the 
possession of the Biosensor group. 
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2 Theory of electronic conduction 

In order to understand the measurements presented in this work, one needs to have a 
theoretica! background on the physics involved. This chapter will deal with basic 
principles of conduction in polymers (2.1) and specific conduction models (2.2). 
Particular interest goes out to temperature- (2.3) and field-dependence (2.4) of these 
models. 

2.1 Electrical concepts 

2.1.1 Classical Metallic Conduction 

Electrical properties divide materials in conductors, insulators or semi-conductors. 
The resistance R determines the relation between the voltage across and the current 
through a resistor (Ohm's law). However, it is more convenient to define the 
resistivity p, which is independent on the specimen geometry, as shown in eq. 2.1, 
with 1 the length and A the cross-sectional area of the sample. Also the conductivity 
cr, which is the reciprocal of the resistivity, is shown in eq. 2.2. 

R =pi 
A 

1 
p=

(J' 

(eq. 2.1) 

(eq. 2.2) 

As different materials can have the same resistivity it is not a fundamental property. 
More fundamental quantities are needed and thanks to the Classica! Drude Free 
Electron Model the concepts of carrier density n and mobility µ were formulated. The 
conductivity due to electrons and holes is then obtained from eq. 2.3 with µn and µp 
the electron and hole mobilities, n and p the electron and hole concentrations. The 
mobility represents the speed at which a charge carrier diffuses through the material. 

1 1 "'. - . -----
i7 q(,11;.,n + .ftpP) 

(eq. 2.3) 

Traditionally, the resistivity can be measured using a two-point (chapter 3) or four
point (section 8.4) resistance measurement, but another technique for determining the 
resistivity is a Van der Pauw measurement (section 8.2 and 8.3). Tuis type of 
measurement determines the sheet resistance Rs, which is the resistance of a thin sheet 
of material, measured in Ohms per square. The concept of sheet resistance is used to 
characterize both wafers and thin doped layers, since it is typically easier to measure 
the sheet resistance rather than the resistivity of the material [8]. From the sheet 
resistance also the resistivity can be found using eq 2.4 with t the thickness of the 
sample. 

(eq. 2.4) 

With this information the mobility of the charge carriers can be calculated according 
to the Drude model using formula 2.5. 
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1 
µ=-

qnSRS 
(eq. 2.5) 

Unfortunately, also information on the carrier density is needed. Hall measurements 
serve this purpose, hut due to the low mobility of the materials in this study this 
technique was unsuitable. The carrier concentration can be determined using another 
technique, i.e. J(V)-measurements [9] hut information on the sheet resistance is also 
needed to obtain the mobility of the polymer. 

The mobility can also be determined directly using impedance spectroscopy. From the 
characteristic relaxation time of holes and electrons, which reflect two different 
inductive contributions to the admittance, the corresponding mobility can be 
calculated. More information and results on this technique can be found in chapter 6. 

In metals free electrons are the charge carriers which cause conduction. The resistivity 
depends on the concentration of imperfections in the crystal lattice which serve as 
scattering centers for the moving electrons. Temperature, plastic deformation and 
impurities influence the resistivity. 

When temperature increases so do the thermal vibrations- thus the scattering of the 
carriers- and lattice defects, and the resistivity increases as well. Above 25 K the 
resistivity rises linearly with temperature, as described with the formula below ( eq 
2.6) in which p0 and a are different constants per metal. [10] 

p, =Po +aT (eq. 2.6) 

Below 25 K quantum mechanica! eff ects play a role. 

2.1.2 Conduction in polymers 

Although polymers initially have been considered to be insulators, it has been found 
that they can also conduct electricity. When polymers have altemating single and 
double honds, i.e. conjugated polymers, they are organic semi-conductors. 

To describe the structure of conjugated organic conducting polymers and to illustrate 
how conduction processes can occur, polyacetylene (PAc) will be used as an example, 
as it was the first polymer in which conductivity has been observed [1]. Figure 2.1 
shows its chemica! formula with all the symbols and honds for a clear representation. 

H H H H 

1 1 1 1 
c c c c 

" ,f' " ,f' " ,f' " ,f' " c c c c 
1 1 1 1 
H H H H 

Figure 2.1: Chemica) formula of polyacetylene. 

It is said that polymers with such conjugated honds are the fundament for conduction 
in polymers to take place [11], because this enables the electrons to be delocalised 
over the whole system and so be shared by many atoms. This means that the 
delocalised electrons may move around along, or even between polymer chains. 
Figure 2.2 shows the 4 valence electrons of a carbon atom and how they bind. Three 
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of those electrons are localised in hybridized states, which are formed from one s and 
two p states, also called sp2 -hybridization. A carbon atom in polyacetylene strongly 
connects with one hydrogen and its two neighbouring carbon atoms, because each of 
these three electrons sets up a strong cr-bond and forms the polymer structure. Each 
carbon atom has one remaining electron that is called the n electron and occupies a p
orbital. The equivalent p-orbitals from neighboring carbon atoms overlap, construct a 
relatively weak n-band and the n-conjugated system is formed. 

Figure 2.2. cr and 1t honds in polyacetylene. 

From the description above metallic behaviour might be expected, because each 
delocalised orbital has got just one electron and therefore the band is partially filled. 
Nevertheless conducting polymers show semiconductor-like behaviour. When the n 
electron density is increased, these n electrons form n honds between every altemate 
pair of carbon atoms in addition to the cr honds. This causes a decrease of the energy 
of the system. When an electron moves from one atom to another, the n band moves 
also and the symmetry of the n-conjugated system is broken, resulting in an energy 
increase. So an electron can only move freely "above" a certain energy gap. In the 
middle of the n band appears an energy gap dividing the filled bonding states (the 
Highest Occupied Molecular Orbital (HOMO) states or valence band) in the n band 
from the empty antibondingstates (the Lowest Unoccupied Molecular Orbital 
(LUMO) states or conduction band) in the n* band. Polyacetylene has an energy gap 
of 1. 7 e V and it is this opening of an energy gap that makes the polymer a 
semiconducting material. 

Like in metals, the charge carrier mobility depends on the temperature, hut also on the 
doping level. Thermal vibrations and conjugation defects are responsible for 
scattering of the charge carriers and impurity atoms increase the doping level. 

Conduction has been found in various polymers, which vary a lot in properties, so 
there are a large number of applications. Hot topics in research nowadays are field
effect transistors (FET) [12], light-emitting diodes (LEDs) [13], photo-voltaic cells 
(PV-cells) [ 14] and biosensors [7]. 

2.2 Charge transport models in conducting polymers 

Blom (1996) has demonstrated that J-V characteristics of PPV devices are dominated 
by the bulk-conduction properties of the PPV and that transport in PPV-based hole
only devices is bulk space charge limited (SCL) [15]. 

Currents through the active layer of the PLED are limited by the space charge, more 
precisely that the density of free carriers injected into the active region is larger than 
the number of acceptor levels. The SCL current (SCLC) regime occurs when the 
equilibrium charge concentration (before charge injection) is negligible compared to 
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the injected charge concentration. This will form a space charge cloud near the 
injecting electrode. The concentration of the space charge rapidly dies out away from 
the electrode. The SCL current is given the Mott-Gumey square Law (eq. 2.7) J is the 
current density, Eo the vacuum permittivity, Er the relative dielectric constant of the 
polymer, L the sample thickness and V the applied potential. 

9 V 2 

J = g&o&,µ Jf (eq. 2.7) 

In this regime the current scales with the square of the electric field, which is specific 
for space-charge-limited transport. In a SCLC device the magnitude of the current 
through a PLED is solely determined by the mobility, or equivalent by the transit time 
î, with V the bias voltage (eq. 2.8). 

L2 
r=-

µV 
(eq. 2.8) 

How does this model correspond to the bulk morphology of a polymer? A picture on a 
microscopie scale of a conjugated polymer is dominated by disorder. Electronically, 
each polymer chain may be considered to consist of a number of separated conjugated 
segments because of the presence of twists, kinks, or impurities that disrupt the 
structure of the physical chain. The mean length of these conjugated segments is 
called "conjugation length". As a result of these twists and kinks the chains cannot be 
aligned over their whole length and thus the polymers (can) show only a partial order. 
These ordered regions (the conjugated segments) differ in energy as they have a 
different local arrangement. Due to the disorder the system of chains has no 
translation energy, which will cause the formation of localized stated in the energy 
gap between the valence band (HOMO) and the conduction band (LUMO). In order to 
have current through the device, charge carriers trapped at the localized states need to 
escape from these sites. Therefore the conduction process is "hopping-like" [16]: they 
will "hop" from one chain to another chain in order to move through the system. This 
transport mechanism is different from the "band-like" transport, present in inorganic 
semiconductor crystals like silicon or germanium. The hopping process is determined 
by the tunnelling transitions of the charge carriers between the localized states, which 
is possible if there is enough overlap of the electronic wave functions. Possible energy 
differences may be overcome by the charge carriers by absorbing or emitting a 
phonon, the hopping conduction is therefore also referred to as phonon-assisted 
tunnelling. This hopping model is treated in detail in section 2.3 

2.3 T-dependent transport model in conducting polymers 

The Variable Range Hopping (VRH) model [17, 18] treats conduction over distances 
larger then the ordered domains, As mentioned in section 2.2 charges are localised in 
states 'Jf( r; E, L) and transport requires charge carriers trapped at the localized states 
to escape from these sites. This requires tunnelling through the tail of the wave 
function and excitation over disordered energy harriers by means of thermal energy 
k8 T, provided by the phonons of the ion lattice. 
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tunnelling 

~ 

Figure 2.3: A hop between two states, with displacement R , and 
energy difference E (14]. 

The probability of a hop with displacement R and an energy difference E, as shown in 
Figure 2.3 is now proportional with: 

- exp (-RIL) (tunnelling-overlap) 

- exp (-E/ ksT) ( energy harrier) 

- density of states p(E) at ending point of the hop. 

This results in two conflicting effects: a high probability requires a small IR!, but also 
a low energy harrier, which might be at a larger distance. So for each hop the charge 
carrier has to optimise its choice of R and E, and find a path through a landscape of 
disordered place and energy by means of hopping. This is the idea of the Variable 
Range Hopping model. 

An essential step into finding a solution for the conductivity is the fact that 
experimentally measured magnitude of conduction is determined by the most difficult 
transitions, each of them having several options of order 1-if not, the process would 
extinguish after a number of hops. The number of hops (R,E) should be p, with 
p=O(l). This results in the Mott condition (eq. 2.9) 

f dR' r dE' p(E') = p (eq. 2.9) 
lil'l<R 

When the density of states (DOS) is considered to be constant in a space with 
dimension d the condition can be written as eq. 2.10. 

Rd EpF = p . ) (eq. 2.10) 

With help of this Mott condition E is a function of Rand the factor exp (-RIL - PE} · 
with P= 1/ ksT can now be optimised. The mathematics are straight-forwardand-Iett 
out of this discussion. The resulting probability of a hop (R,E) is then 

in which y and Po have been defined as follows (eq 2.11-2.12). 
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1 
r=--<l 

d+l 
(eq.2.11) 

(eq. 2.12) 

The conductivity is given by eq. 2.13 in which cr0(T) is related to the interaction with 
the phonons. This temperature dependence is often neglected compared to the 
stronger temperature dependence of the exponential term. T 0 gives information on L, 
the size of the ordered domains. 

(eq. 2.13) 

Conduction can now be considered in various dimensions: 

d=O y=l Nearest Neighbour Hopping (no variation in R possible), Arrhenius 
behavior 

d=l y=l/2 hopping along a line, i.e. polymer chain: in-chain conduction 

d=2 y=l/3 hopping in a plane (bulk) 

d=3 y= 114 hopping in space (bulk) 

The VRH model discussed in this section has proven to be very succesfull for 
understanding temperature dependent conductivity [19]. 

2.4 E-dependent transport model in conducting polymers 

Blom (1997) [20] performed J(V)-experiments revealing that, apart from space-charge 
effects, a field-dependent mobility must be taken into account. The empirical relation 
(2.14) describes the field-dependent hole mobility in PPV. µ0 is the zero-field 
mobility and a new y now describes the "field activation" of the mobility. 

µ(E) = µ 0 exp(r-fi) (eq. 2.14) 

This relation has been confirmed by other current-voltage measurements [21] and by 
admittance spectroscopy [22,23]. With J(V)-experiments it is easy to study transport 
properties of hole-only devices, but more complicated to investigate the electron 
current. Also single-carrier devices have to be specifically made for J(V) 
measurements. In the latter reference [23] Martens has used admittance spectroscopy 
to perform a measurement ofboth the hole and electron current simultaneously. 

By comparing current-voltage measurements as function of temperature for various 
PPVs it is deterrnined that the values of y and µ0 strongly depend on the chemical 
modification of PPV [21]. 

Although VRH is successful for describing temperature dependent conductivity in 
conjugated polymers, it is not capable of accounting for this experimentally found 
functional form of the electric field dependence of the carrier mobility. 

Gill introduced two empirical laws that describe experimental data accurately [24]. He 
proposed that the dependence of the mobility on T and E is given by the two 
equations below ( eq. 2.15). 
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r = B[ k~T - kB
1
To], µo = µ 00 exp[ ;B~ l (eq. 2.15) 

Other experiments performed by Blom(l 997) [20] under high bias voltage, confirm 
that the de hole mobility behaves like eq. 2.16. 

µde = µ0 exp~-JE) (eq. 2.16) 

Combining this result with the empirica! result eq 2.17 is found, often referred to as 
Poole-Frenkel behaviour. 

(eq.2.17) 

Opposed to the purely empirica! laws of Gill, Bassler [25] then introduced the 
Gaussian Disorder Model (GDM). He stated that charge transport in disordered 
organic conductors occurs by means of hopping in a Gaussian site-energy distribution 
g(E) as in eq. 2.18 below with Ethe site-energy and cr the width of this distribution. 

Yz [-82

] g(c) = (27r0'
2r 2 exp 20'2 (eq. 2.18) 

From this Gaussian density of states (DOS) the dependency of µ on T and E is 
proposed to be described by eq 2.19 [21]. 

µGDM =µ.exp{-(3!~r )' +~(k~T )' -2.2s]a} (eq.2.19) 
Experiments have been perf ormed showing results m correspondence with the 
predictions by the GDM ofBassler [21]. 

This has for many years been the state-of-the-art considering temperature and 
electrical field dependence of the mobility of the charge carriers1

. 

Martens [26] then constructed a model for understanding strong doping dependence. 
In his research Martens departs from Motts Law for three dimensional VRH ( eq 2.13) 
which has been the reference for modelling temperature dependent VRH conductivity 
in doped polymers. An outcome of the research performed by Martens was the 
extension to the classica! Mott result, which accounts for the dopant dependence. 
Firstly, he finds an increased DOS at higher concentrations, instead of a so far 
believed constant DOS, and secondly he finds that charges are delocalised in ordered 
regimes as opposed to point sites. In the low temperature limit, the model corresponds 
with Mott's VRH model and at high temperature the conductivity behaves differently. 
At low carrier concentrations the conductivity has a stronger T-dependence, and at 
high concentrations a weaker T-dependence. The ideas of this model are based on the 

1 The various models have been used independently for succesful analysis of conductivity in 
conjugated polymers. Recently it has been investigated by W.F. Pasveer how these models correlate 
with each other for a full understanding of all charge and energy transport aspects in conjugated 
polymers [W.F. Pasveer, Charge and Energy Transport in Disordered n-conjugated Systems, 
proefschrift Technische Universiteit Eindhoven, 2004]. 
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following pictures (Figure 2.4 and Figure 2.5) and the doping dependency can be 
understood as follows. 

E 

' 
Ehop----+---

Ehop 11--_, 
' EF-- __ ...,__.,. 

EF....,..., 

g(E) 

Figure 2.4: E vs g(E). States within Ehop and EF(c) are available for 
hopping (26]. 

Figure 2.5: Charges localised in ordered regimes (26]. 

Figure 2.4 shows the non-constant DOS. Charges are at an energy level EF and can 
hop to a higher energy level Ehop with a given hopping energy i::=faop-EF(c) This 
hopping energy is large, given the shape of the DOS, and more states are available. 
Nearest Neighbour Hops (NNH) become more important: cr will be activated. 

Upon doping the Fermi-energy EF increases to EF'. Due to the energy-dependent DOS 
p(EF'(c)) is larger and secondly p(Ehop') is larger. More particles are available for 
hopping and they all have more states available to hop to. These two mechanisms 
increase conductivity. 

Secondly, Figure 2.5 shows the localised regions. With increasing concentration these 
sites grow. Instead of having to hop from one site to another (grey), the charges hop 
over a smaller distance in order to reach the localised region. At this hopping distance 
also the number of states increases -with increasing localisation volume and thus 
conductivity is enhanced. 

The peculiar temperature dependant behaviour of conjugated polymers, which 
Martens found in his experiments, can now be fully understood with Martens first 
argument. At low c, NNH is important and cr is activated, as explained above, and 
depends strongly on temperature. At high c, however, more states are available as 
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explained above. The hop activation energy is decreased and the conductivity depends 
less on the temperature at high c. 

This doping-dependent conductivity has also been confirmed by experiments [26]. 
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3 Materials and preparation methods 

3.1 Materials: MDMO-PPV and PEDOT 

The polymers used in this work are MDMO-PPV and PEDOT, of which the 
monomers are shown in Figure 3.1 and Figure 3.2 respectively. Poly[2-methoxy-5-
(3,7-dimethyloctyloxy)-1-4-phenylene vinylene] is known as MDMO-PPV and 
synthesized via the so called Gilch or sulphinyl route. lt is a p-type semi-conductor 
with a band gap of 2.1 eV [27]. 

Figure 3.1: Monomer of MDMO-PPV [28). 

Poly(3,4-ethylenedioxythiophene) - abbreviated to PEDOT - is a very good 
conducting polymer with a very polar backbone structure due to the oxygen and 
sulphur neighbouring atorns (Figure 3.2)[29]. lt has been applied in biosensors before 
[30, 31] but is less suitable as it gradually dissolves in water. Nevertheless, it is still 
used in this research as test polymer due to its high conductivity. lt has a low gap 
energy of 1.6 eV [32]. In experiments the complex PEDOT:PSS is used, 
commercially known as Baytron P, as the addition of PSS (poly(styrene-sulfonate)) 
increases the conductivity [33]. 

0 0 

\_j 

PEDOT 
Figure 3.2: Monomers of PEDOT and PSS [29). 

The Biosensor group at IMO uses these two specific materials in their biosensors as 
transducer layer because, as mentioned in the introduction, IMO has built up a 
reasonable expertise on synthesis and handling of these polymers throughout the 
years. A third polymer used in biosensors as well, is PEO-PPV. lt is shown in Figure 
3.3. 
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PEO-PPV 

R'= O(CH2CH20hCH3 
R"= OCH3 

Figure 3.3: Monomer of PEO-PPV. 

In PEO-PPV the sidechains of the PPV-backbone are poly(ethylene-oxides) (PEO). 
The electro-optical properties of the polymer are mainly determined by the backbone 
and thus the bandgap of PEO-PPV is comparable to the one of MDMO-PPV, although 
there must be a slight difference as they have a slightly different color. 

Recently it was found that antibodies can be successfully adsorbed to the polymer 
MDMO-PPV whilst PEO-PPV, as it is hydrofilic and therefore less suitable for 
adsorption, exhibits a blocking behaviour towards biomolecule adsorption. Less non
specific reactions occur at PEO-PPV. These polymers are therefore very suitable for 
biosensing purposes since a wide variety of antigens can be detected upon using the 
appropriate antibody [7]. 

3.2 Sample preparation techniques 

All samples are prepared in a glovebox. This is a protected environment in which the 
concentrations of 02 and H20 are kept below 1 ppm to avoid degradation. In order to 
measure electrical properties of a polymer it has to be sandwiched between electrodes. 

The procedure for transverse measuring uses glass substrates with electrodes 
evaporated on to them. The glass substrates require an intensive cleaning procedure 
with subsequently ultrasonic baths in a soap solution (30 minutes), in acetone (10 
minutes) and in hot isopropanol (10 minutes). Afterwards they are dry blown with an 
air gun (N2). 

First, a bottom electrode of 70 nm is evaporated on the glass substrate. The polymers 
are solved in chlorobenzene (0.7 wt%) and then spincoated on the substrate. The 
thickness of the polymer layer is determined by the speed and the duration of the 
spincoating procedure as in eq 3.1 with ro the rotation speed, t the rotation time, p the 
density, c the concentration and ri the viscosity. 

thickness - ~c 
3ptm 2 

417 

(eq. 3.1) 

This equation has been experimentally verified for a 0.5 wt% solution of MDMO
PPV in chlorobenzene spincoated during 4 s at various speeds. The result is shown in 
Figure 3.4. 
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Figure 3.4: The ro-dependency of the thickness of the film. 
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In this study layers between 100 and 300 nm are obtained for MDMO-PPV and 70 nm 
for PEDOT, which is more difficult to spincoat as the solvent, H20, evaporates less 
easy then chlorobenzene. The layer thickness of the samples is always measured with 
a DEKTAK profilometer. Finally, a top electrode is evaporated on the sample. On the 
edges the polymer is removed with chlorobenzene for the underlying electrodes to be 
easily connected with wires by using silver paint. The electrodes have a width of 
2 mm and thus the contact area has a surface of 2 mm2

• 

The choice of material for electrodes depends on the purpose of the device. When the 
polymer is sandwiched between two different electrodes Au and Al a double-carrier 
device is made. When top and bottom electrode are made of the same material the 
device is called a single-carrier device, i.e. a hole-only or electron-only device for the 
respective materials Au and Al (Figure 3.5). This project focusses on hole-only 
devices using Au electrodes, because it is implemented in such a way in the biosensor. 

polymer 
bottom electrode: Au 

glass 

Figure 3.S: Schema tic drawing of a single or double carrier device. 

As opposed to Al or Au, which are evaporated using self designed shadow masks for 
patteming electrodes, Indium Tin Oxide (ITO) can be used as electrode. This 
transparent metal is prepared at IMEC2 in Leuven, Belgium and delivered as thin 
films of 100 nm on glass slides of 2x2 cm2• For patterning the electrode in the desired 
shape the ITO has to be etched away by UV lithography. 

2 Interuniversitary MicroElectronics Center 
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The first step consists of creating the desired pattem of photoresist on ITO by 
spincoating a thin layer on a substrate. Afterwards it is maintained at 150°C for 
3 minutes. It is a positive resist and a pattem can be made with a positive mask: When 
the uncovered parts are placed in UV-light for 15 sec and the sample is again placed 
at 100°C for 3 rninutes, the photoresist can be removed from the covered parts with 
RD6 Resist Developer. The photoresist only remains in areas that were UV radiated. 

Next the ITO substrate is placed in a solution of HCl:H20:HN03 (12:12:1). The 
solution etches the ITO away in the uncovered areas unprotected by the photoresist. 
Finally the substrates can be placed in an ultrasonic bath of acetone to remove the 
photoresist pattem, and the remaining ITO pattem is now uncovered in the desired 
geometry. In this study ITO has been used instead of Au attempting to achieve better 
results, hut experimentally thiw as not achieved. 

The samples are isolated from visible and UV-light and air as long as possible, as this 
affects the properties of the polymer, hut the impedance measurements are performed 
under normal atmosphere. 

For electrical contacts between the electrode and a printed circuit board (PCB) or 
other device, more often the contacts are wirebonded on the electrodes. With this 
technique a needle connects one end of a thin Al wire to the bottom electrode by 
going through the polymer. This method is more accurate and the use of 
chlorobenzene is avoided to expose the bottom contacts. Sample size determines the 
technique chosen to attach contacts on the samples. 

3.3 Experimental setup for temperature dependent measurements 

3.3.1 Equipment 

Figure 3.6 shows the experimental setup used in this thesis. The key part of this 
measurement system is the MicrostatHe cryostat from Oxford Instruments. It allows 
for electrical measurements in function of temperature over a very wide temperature 
range. 
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Figure 3.6: Configuration of the cryostat system (34). 

The MicrostatHe is a continuous flow cryostat. It does not have an intemal reservoir. 
Instead, the cryogen continuously flows in and out of the cryostat in order to cool 
down. From a separate storage vessel liquid helium or nitrogen is brought inside 
through an insulated transfer tube. This tube delivers the cold gas to the heat 
exchanger close to the sample space. The gas retuming from the heat exchanger then 
cools the radiation shield and flows out of the cryostat again. The sample temperature 
can vary from 3.8 K to 500 K. With nitrogen instead of helium a minimum 
temperature of 80 K can be reached. The temperature is controlled with the Oxford 
Instruments ITC Temperature Controller with a precision of ±0.1 K. 

The thermometer and heater on the heat exchanger make it possible to control the 
temperature, in combination with the ITC503S temperature controller and the 
needle valve, which allows the transfer from the cryogen to the cryostat. 

Inside the LL T transfer tube gas flows from the reservoir to the cryostat. The cold 
gas coming out of the cryostat is used to flow in an outer coaxial tube to isolate the 
inner gas from room temperature thermal radiation. 

When using helium the low temperature can be maintained usmg an oil free 
diaphragm pump GF3 and a flow controller. 

The cryostat system is combined with an electrical measurement system, consisting of 
a sourcemeter Keithley 6221 for applying current on the sample, a multimeter 
Keithley 2400 for measuring the voltage over the sample and a switch system 
Keithley 7001, through which the current source and multimeter are connected to the 
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cryostat, which allows for automatic switching of the contacts. All are shown in 
Figure 3.7. 

-·· -.8~~ 
Figure 3.7: Keithley 2000 Multimeter, 7001 Switch Card and 6221 

sourcemeter. 

(i).G) (j) 
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The switch system is equipped with a Keithley 7065 Hall Effect Card inside for Van 
der Pauw and Hall Bar measurements. 

For Hall measurements the sample bas to be placed in a magnetic field. The cryostat 
setup is therefore also equipped with an electromagnet B-El5v from Bruker Biospin 
as shown in Figure 3.8. 

Figure 3.8: B-ElSv electromagnet. 

3.3.2 Calibration of the electromagnet 

The figure below (Figure 3.9) shows the calibration graph to calculate the field 
strength corresponding to the applied current of the electromagnet. The actual 
magnetic field strength on the sample depends on the geometrical setup of the po les of 
the electromagnet. The magnet is used with tapered pole caps with a distance of 
23 mm. The cryostat then fits perfectly in between the two poles of the magnet. A 
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Teslameter was first placed between the tapered pole caps and then inside the cryostat 
bolder to measure the magnetic field on the exact location where a sample should be 
and the current is varied between -60 A to 60 A. For this arrangement, the applied 
current corresponds with the magnetic field strength as shown in the figure below 
(Figure 3.9). The actual magnetic field inside the cryostat bolder only differs a little 
bit from the field set by the user. 
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Current (A) 
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Figure 3.9: Calibration of the B-ElSv electromagnet for the tapered 
poles with a 23 mm distance. 

The magnetic field is also measured, as the current is increased from 0 to 60 A and 
back, and down to -60 A and back (Figure 3.10). The system has no measurable 
hysteresis effect. 

2000 - • - Current from 0 A -> 60 A 

1500 
- • - Current from 60 A -> 0 A 
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-1500 
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Figure 3.10: Calibration of the B-ElSv electromagnet. 

The technica! drawings for the sample bolder can be found in appendix A and B (nog 
invoegen! Persoon met jaarlijks verlof). 
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The picture below (Figure 3.11) illustrates the entire measuring system. From right to 
left one can see a liquid nitrogen vessel, the power for the electromagnet, the pump, 
the flow meter, the cryostat, the electromagnet, the transfer tube, a vacuum pump, 
measurement equipment, the temperature controller and a measuring computer. 

Figure 3.11: Picture of the cryostat setup. 

3.3.3 Software development for instrument communication through GPIB 

All instruments communicate through the general purpose interface bus (GPIB) which 
connects the programmable instruments to the computer with a high transfer rate 
(nominally lMbyte/s). In this thesis tools to control the current source, multimeter, 
switch card, temperature controller and electromagnet are written in Labview and 
with these tools various Labview software programs are made. 

The first phase of the program allows the user to perform a contact check. In this 
phase the current is an input variable and thus this phase also allows the deterrnination 
of the optimal current to be applied for optimal measurement results. This phase is the 
same for all programs. 

After performing the contact check the user can press a START-button to start the 
actual measurement. First all necessary equipment is switched on and next the 
temperature controller is stabilised, in order to fully control the heating or cooling 
processes that occur during measurement. After stabilisation of the temperature the 
actual measurement takes place and every 100 datapoints the program exports and 
appends the data to a text-file. When finished all equipment used in the program is 
tumed off. The table below lists the various programs that have been developed for 
possible measurements with the cryostat setup, and their respective possibilities 
(Table 3.1 ). In appendix C a print of one of these programs can be found. 
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Program 

Microstat 2pt full mode 

Microstat 4pt full mode 

IV temp full mode 

IV temp sweep mode 

Measurement performed 

2pt resistivity as function ofT 

4pt resistivity as function ofT 

IV-measurements at a fixed T 

IV-measurements for a T sweep 



V dPauw full mode 

Magnet full mode 

Hall Magnet full mode 

Sheet resistivity as function ofT 

Sheet resistivity as function of a B sweep, at a fixed T 

Hall voltages as function ofT at a fixed B. 

Table 3.1: Software programs developed for automated measurements 
with the cryostat setup. 

3.4 Experimental setup for impedance spectroscopy 

Figure 3.12 shows the HP / Agilent 4284A Precision LCR Meter which is used as 
impedance measurement device. This setup measures the absolute value of the 
impedance z and its phase e as a function of frequency and its frequency domain 
ranges from 20 Hz to 1 MHz. A Labview program is used for the impedance 
measurements. The sample is connected to the LCR meter using coaxial cables to 
shield the signal. Before measuring an open/short calibration is performed to correct 
the influence of the contact wires [35]. 

Figure 3.12: HP/Agilent 4284 A Precision LCR Meter. 
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4 Electrical conduction as function of temperature 

In this chapter resistivity measurements are performed as function of temperature in 
order to model the temperature dependent behaviour of the polymers MDMO-PPV 
andPEDOT. 

4.1 Results on MDMO-PPV 

Due to the high resistivity of MDMO-PPV four-point resistivity measurements were 
not possible, as the four probes are placed in line on the sample on a distance of lmm 
apart. Therefore two-point resistivity measurements have been performed, a technique 
which unfortunately suffers high contact resistances. The sandwich structure as 
discussed in chapter 3 is used and the resistivity is now measured over the thickness 
of the film, which is in the order of 10·7 m. From the measured resistance the 
resistivity can be calculated using eq. 2.1. The resistivity is shown in Figure 4.1 . The 
variation shown by Sample 2 around 200 K is caused by the measurement setup. The 
cooling speed is not stabile enough and this will be improved in the future. The 
thickness and the cross-sectional area of the measured samples are given in Table 4.1. 

Ê 
c: :; 
J?;-
·::; 
~ 
"(ij 
Q) 

0:: 

Thickness(nm) Area (mm2) 

Sample 1 310 4 

Sample 2 251 4 

Table 4.1: Thickness and cross-sectional area of the measured 
MDMO-PPV samples. 
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Figure 4.1: Resistivity as a function of the temperature 
ofMDMO-PPV. 
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4.2 Results on PEDOT 

A two point resistivity measurement of PEDOT is perf ormed as a function of the 
temperature. The result is shown in Figure 4.2. The thickness of the sample is 70 nm. 
PEDOT has a high conductivity but the metallic temperature dependent behavior is 
not expected, as it is a semiconductor. 
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16.0 

15.8 

Ê 
15.6 u 

9. 
~ 15.4 
> 
~ 

15.2 ëii 
Q) 

a::: 
15.0 

14.8 

14.6 

50 100 150 200 

T(K) 
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Figure 4.2: Resistivity of PEDOT measured transverse as a function of 
the temperature. 

Instead of the transverse measurement over the thickness of the thin film, i.e. 70 nm, a 
coplanar measurement is now performed with the distance of 1 mm between the 
electrodes. Figure 4.3 shows the result. High contact resistances cause noise on the 
signa! around 300 K and 200 K. The system is currently being improved to decrease 
contact resistances and stabilise the cooling process. 
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Figure 4.3: Resistivity measured coplanar as a function of the 
temperature for PEDOT. 

4.3 Modeling of the results with theoretica! concepts 

4.3.1 MDMO-PPV 

350 

The resistivity increases as the temperature decreases, as is expected for a semi
conductor. Both curves appear to have a turnover point around 220 K, which devides 
the curve in two regimes: a low-temperature and a high-temperature regime. For both 
regimes is now verified whether they can be modeled with Mott' s VRH model (eq. 
2.13). lt has been determined that for MDMO-PPV y=l/4 [26]. Conductivity in 
MDMO-PPV can now be modeled using the three-dimensional (3D) VRH model 
and the values T 0 and cr0 can be found as following. Figure 4.4 shows the logarithm of 
h d . . fu . f yl /4 t e con uctivity as a nction o . 
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Figure 4.4: Ln a vs T"114
• 

From this graph the two regimes are fitted linearly using y = A+Bx, also shown in 
Figure 4.4. 

The results are shown in Table 4.2. The accuracy is given by the R2 -value. When 
modeling the data with Mott's three-dimensional VRH-model the constants cro and To 
can be found with the following relationships. 

a-0 = exp(A), T0 = (-B) 4
• (eq.4.1) 

These values are calculated and also shown in Table 4.2. The fits in the figure appear 
to be resemblent and the values A and B are corresponding, but a rather small 
difference in A or B is enlarged several times due to the relationships 4.1. 

Sample 1 Sample 2 

A= 8.9 ± 0.8 cro= 733 x 10 A=0.16±0.2 cro= 1.17 
High temperature B= -114±4 8 = -80.3 ± 0.9 

R2 = 0.99 
T0 = 168xl06 

R2 =0.99 
T0 =41.6xl06 

A = -18.87 ± 0.04 cr0 = 6.38lxl0·91 A=-19.4±0.04 cr0 = 3.75xlo·9 

Low temperature B=-4.7±0.2 8 = -2.9 ± 0.1 

R2 =0.98 
To=488 

R2 =0.98 
T0 = 70.7 

Table 4.2: Results of the linear fits ofMDMO-PPV for d=3. 

In the high-temperature regime the activation temperature To is a physically to high 
value and it may be concluded that the VRH only holds in the low-temperature 
regime. 

lt is verified that the high temperature region shows Arrhenius behaviour, i.e. nearest 
neighbour hopping ( eq. 2.13 with y = 1, d = 0), as shown in Figure 4.5. Again the 
constants cr0 and T 0 can be found from the values A and B and all results are given in 
Table 4.3 . lt has been attempted to model the high temperature data with other models 
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(resp. d=l, 2 and 3) hut none of them were succesfull, in the way that-similar to 
Mott's 3D-model at high temperatures- all the models led to meaningless values for 
the physical constant To (i.e. 53 x 103

, 2.51x106 and 163 x 106 respectively). 

High 
temperature 
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Figure 4.5: Ln CJ VS r 1
• 

Sample 1 

A= J2.0 ±0.2 

B = (-J93± 6) x JO 

R2 = 0.98 

cr0 =6.J4x 10·0 

To= J926 

Sample 2 

A = -J4.62 ± 0.07 

B=(-J355±2)x JO 

R2 =0.99 

Table 4.3: Results of the linear fits of MDMO-PPV at high 
temperature for d=O. 

cr0 =4.4x JO- ' 

To= 1355 

These results are in well correspondence with Martens et al [26], who constructed a 
new model-discussed in section 2.4- accounting for the energy-dependence of the 
DOS. The model explains strong doping dependence of the conductivity hut also 
explains the stronger/weaker temperature dependence noticed above 200 K for 
low/strong doping levels. As the polymers in this research are undoped (or have an 
unwillingly low doping level) our results corresponds with the stronger T-dependence 
at low doping level, where the conductivity is activated (NNH). 

4.3.2 PEDOT 

Conductivity in PEDOT obeys Mott's one-dimensional (lD) VRH model with y=l/2 
[36]. It has been attempted to model conductivity in PEDOT with other values of y, 
such as '/.i, hut results were not satisfying. Figure 4.6 shows ln cr as a function of T 112 

as the data is modeled to find values for T 0 and cr0. The data at low temperatures are 
unreliable due to the hysteresis effect of the cryostat. These graphs are fitted linearly 
using y = A+Bx and shown in Figure 4.6. 
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Figure 4.6: Ln aas a function ofl112 for PEDOT:PSS. 

The results of the linear fit are shown in Table 4.4. From the values A and B the 
physical constants To and cro can be found using following relationships: 

a 0 = exp(A), T0 = (-B) 2 

PEDOT:PSS 

A = -0.507 ± 0.003 

B = -10.87 ± 0.04 

R2= 0.99 

cro = 1.660 

To= 118 

Table 4.4: Results of the linear fits for PEDOT:PSS. 

For PEDOT the lD-VRH model holds over the entire measured temperature range 
from 85 to 300 K. lt is suggested that the ID- behavior in PEDOT arises from the 
strong charge-repellent behaviour of the chains, causing a Coulomb-gap. When a 
negative charge hops away, that state becomes oppositely charged. The negative 
particle is within a reasonable distance and will feel the repellent force of the positive 

charges. A Coulomb interaction U-_!_ is present. Mott's condition needs to be 
R 

fulfilled, i.e. pFERd - constant, from which E - ~ . This implies that d=l and 
R 

explains why PEDOT obeys lD-VRH. 

4.4 Conclusion 

Conductivity in MDMO-PPV follows Mott's 3D-VRH model, but only for 
temperature below 200 K. Below this temperature activation temperatures in the order 
of hundreds of Kelvins have been found in MDMO-PPV. Above 200 K the 
conductivity shows Arrhenius behaviour (Nearest Neighbour Hopping) and has a 
stronger T-dependence, in correspondence with the model of Martens et al [26] . 
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Conductivity in PEDOT is based on the ID-VRH model -induced by the Coulomb 
gap-, with activation temperature in the same order as MDMO-PPV. 
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5 Electrical characterisation using impedance spectroscopy 

In this chapter impedance spectroscopy will be used as a technique to not only 
characterise the polymers under investigation hut also to treat different constituents of 
the biosensor, i.e. the polymer base layer, the biologica! recognition layer and the 
electrolyte. Figure 5.1 shows these three layers: the polymer is on the samples, the 
antibodies on the activated sample make serve as a biologica! recognition layer ant the 
antigen buffer solution is the electrolyte. After the individual analysis in this chapter 
the operation of the entire biosensor is illustrated in the next chapter by performing a 
biosensor measurement. 

antigen buffer solution 

j 

polymer werking electrodes 

Figure 5.1: Schematic drawing of the differential impedimetric 
immunosensor. 

5.1 Measuring technique 

With impedance spectroscopy usually the impedance is measured as a function of the 
frequency by applying a known ac-voltage at certain frequency and measuring the 
resulting amplitude and phase shift of the resulting current. Doing so for an entire 
frequency range a frequency spectrum can be obtained, which can provide a lot of 
information on the properties of the measured device. 

5.1.1 IS for modelling impedance behaviour 

Impedance spectroscopy can be used to determine an equivalent circuit that serves as 
a model of the electrical behaviour of the sample. For this purpose the impedance 
measured as function of the frequency can be represented by a Nyquist plot, as shown 
in Figure 5.2. The complex impedance Z consists of two parts, i.e. the real and 
imaginary part. In this figure Re{Z} is plotted against the negative oflm{Z}. The data 
can be represented as a vector with IZI the length and ~ the angle between the vector 
and the x-axis. Each point of the Nyquist plot -also called Cole Cole plot- is now at a 
fixed frequency f, hut presenting data in a Nyquist plot looses information on the 
frequency. Z(co) can also be represented in a Bode plot as shown in Figure 5.3. In this 
figure the log(IZI) and phase ~are plotted as function of log(f) [37). 
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Figure 5.2: Nyquist plot 
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Figure 5.3: Bode plot 

For data interpretation these graphs are fitted with an equivalent circuit to model the 
impedance behavior. Elements in this circuit can be resistors, inductors, capacitors" .. 
and one measurement can be fitted with multiple circuits. The object is to fit the data 
with the most useful circuit. This is a simple and realistic circuit in which the 
components have a physical meaning to the system. 

For the devices in this study the two parallel measuring contacts (Figure 3.5) provide 
the capacitive behavior Cp. Between these contacts is a layer, which will have a 
resistance Rp when a current runs through it. Both components are parallel to each 
other. A simple model like this would look like Figure 5.4(left) and the Nyquist plot 
would look exactly as in Figure 5.2. 

38 



Cp 

-0 
Rp 

Figure 5.4: Simple equivalent circuit (Ieft) and the Randles cell (right). 

Another model for fitting impedance measurements data ( often used for electrolytes) 
is the Randles cell, as shown in Figure 5.4 (right). 

a ...... 
E 

l")I 

Figure 5.5: Nyquist plot of a Randles cell. 

The main component of this model is the double lay er capacity. This double lay er is 
formed as ions from the solution "stick on" the electrode surface. Charges in the 
electrode are separated from the charges of these ions by an insulator and thus form a 
capacitor Cctt, as shown in Figure 5.6, where Au is used as example. Au is a hole 
injector, thus positively charged, so negative ions in the electrolyte (or electrons in the 
polymer) will be attracted to the electrode surface. The separation is very small, in the 
order of Angstr0ms. 

electrolyte 

eeeeeee 
Au EB EB EB EB EB EB EB 

Figure 5.6: Formation of the double layer capacity at the electrode. 
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The charge transfer resistance R:1 of the electrolyte is formed by a single 
electrochemical reaction at equilibrium. When a metal substrate is placed in contact 
with an electrolyte the metal molecules can electrolytically dissolve into the 
electrolyte. Electrons enter the metal, metal ions diffuse into the electrolyte and thus 
charge is being transferred. 

Another resistance is present in series with the other two components. lt represents the 
actual resistance of the electrolyte. When impedance measurement data can be 
accurately fitted with the components of the Randles circuit (Figure 5.4 right), -Zim 
and Zreal can be calculated by eq 5.1-5 .2 [9]. The Nyquist plot of this model is a serni
circle like in Figure 5.5. 

(eq. 5.1) 

(eq. 5.2) 

The minimum value of the two values where Zim=O corresponds to R5• The maximum 
of both corresponds to Rs+R:1. The maximum of Z1m is reached at an angular 
frequency ffimax, which is determined from experimental data. With this value an 
average value of Cd1 can be calculated using the relation below (eq 5.3). 

1 
Cd1=---

mm•x Rc1 
(eq. 5.3) 

Besides the elements discussed above, Table 5.1 gives other elements that might 
appear in modelling the devices in this research. 

Component Symbol Complex Impedance 

Resistor R Z=R 

Inductor L Z=imL 

Capacitor c Z=-1-
imC 

Constant 
Z =-

1 
(imrn Phase CPE 

Element Qo 

Warburg 1 -Yz w Z=-m 2 

component Yo 

Table 5.1: Components for equivalent circuit fitting. 

Capacitors in IS experiments often do not behave ideally. Instead, they act like a 
constant phase element (CPE) as defined in Table 5.1. The CPE takes into account 
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semi-infinite diffusion, a kind of imperfect, leaking capacitor. The double layer bas 
non-ideal behaviour and the "double layer capacitor" in real cells therefore often 
behaves like such a CPE instead of like a capacitor. Diffusion can also create an 
impedance known as the W arburg impedance, if the diffusion lay er bas an infinite 
thickness. At high frequencies the W arburg impedance is small since diffusing 
reactants do not have to move very far. At low frequencies the reactants have to 
diffuse further, thereby increasing the Warburg impedance. On a Nyquist plot the 
infinite Warburg impedance appears as a diagonal line with a slope of 0.5. On a Bode 
plot, the Warburg impedance exhibits a phase shift of 45°. 

Electrochemical Impedance Spectroscopy Analysis Software called ZSimpWin 
(Princeton Applied Research) is used for easy data processing and modeling data with 
equivalent circuits. 

5.1.2 IS for obtaining information on the mobility 

Also information about the charge carrier mobility can be obtained using impedance 
spectroscopy. Research on this method bas been performed by H.C.F. Martens at the 
University Leiden [9]. A DC bias voltage is applied to a device, upon which a small 
AC voltage signal is applied with a certain frequency. Information of the mobility can 
be found from the frequency dependent behaviour of the impedance Z = Vadiac = 1Zlei8. 

The results were proven to be independent of the oscillator level, i.e. the AC voltage 
signal [38]. 

Now as opposed to the previous section, in which the parameters Z and e are 
investigated, additional parameters can be studied. For obtaining information on the 
mobility the reciprocal of the impedance namely admittance Y = G+iB is the object of 
interest, with G being the conductance and B the susceptance. Out of the data set Z 
and e it is possible to calculate the conductance and susceptance using the relationship 

Y=1z1-1e-i8
• Exactly like Z, Y consists of a real and an imaginary part, IYI = -J G 2 + B 2 

and the phase of admittance ~ = arctan(IBl/G) = -8. lt is now by investigating the 
frequency dependent behaviour of C = B/w that information on the mobility can be 
gathered. This technique is often referred to as admittance spectroscopy. 

In space-charge limited current flow, the magnitude of the current depends only on 
the mobility as mentioned in paragraph 2.2, and not on the recombination or 
neutralization of the oppositely charged carriers. When an ac voltage is applied on a 
SCL device, additional space-charge is injected. These charges can move into the 
device, but only have a finite transit time. Therefore the current will have a phase 
difference regarding the ac voltage. The current lags bebind and reflects as an 
inductive contribution to the capacitance. This contribution can be visualized with the 
negative differential susceptance -11B = ffi(C-C0) which will show a relaxation peak 
[9]. So information on the mobility can be calculated in the case of non-dispersive 
charge transport by determining the frequency at which a maximum in the negative 
differential occurs [23]. 
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5.2 Transverse measurements 

5.2.1 MDMO-PPV 

Impedance measurements as described in section 5.1 were performed on samples of 
MDMO-PPV sandwiched between two Au electrodes at various bias voltage (0 V to 
11 V). Figure 5.7 shows the Bode plot for these measurements. The impedance (left) 
and phase shift (right) as a function of the frequency are shown for each bias voltage. 

1.0...-----------

0.8 

0.6 

ê 
~ 0.4 
N 

• ... 

' • • • • .. 
' 1 

0.2~~ 
··. 

0.0 

101 102 103 10' 105 10' 

Frequency(Hz) 

------------r0.2 

-~~ 
... " . . 
... 'L •• ... " .. 
i " . : 
1 " ~ • . ~ 

" . . . " . . . " . . 
• bias OV , ~ " 
• bias1V 

bias 2 V 
• bias3V 

bias 5 V 
~ bias7V 

bias 9V 

0.0 

-0.2 

-0.4 

:0 
-0.6 ~ 

!!:: 
-0.8 ~ 

~ 
-1.0 ~ 

c. 

-1 .2 

-1.4 

• bias11V -1.6 
'\""T""""'l..,....,...,...,..,.,.,, ......... ~ ................ -rl- -1.7 
101 102 103 10' 105 10' 

Frequency(Hz) 

Figure 5.7: Impedance and phase shüt as function of frequency (Hz) of 
MDMO-PPV at bias voltages 0 V to 11 V. 

The data is represented in following Cole Cole plots (Figure 5.8). The data can now 
be used to determine an equivalent RC-circuit as explained in section 5.1.1. The 
varied bias voltage allows to estimate values for the components as a function of the 
applied bias voltage. 
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Figure 5.8: Cole Cole plot for MDMO-PPV in a frequency range of 
20 Hz to 1 MHz for bias voltages from 0 V to 11 V. 

With regard to the capacitive behaviour of the polymer, the relation with the applied 
bias voltage is demonstrated more clearly in the graph below. (Figure 5.9). This bias
independent behavior is expected for SCLC [15]. In this way, C is approximately 
0.13 nF. The capacity of the polymer remains constant as function of the bias voltage. 
The dielectrical constant can now be determined as C = ereoAIL with A the surface 
and L the thickness of the sample (resp. 0.01 cm2 and 200 nm), the permittivity of free 
space e0 = 8.854.10- 12 Fm-1

• In this way is found that MDMO bas an Er = 2.9 ± 0.2, 
corresponding the value of3.0 from literature [9]. 

~ 0.1 

ö' 

• • 1 • 

6 

Bias Voltage (Y) 

10 12 

Figure 5.9: Experimentally determined Cp of MDMO-PPV as function 
of the applied bias voltage showing independent behaviour. 

Using admittance spectroscopy, the capacity of the polymer is shown as function of 
frequency (Figure 5.10). At zero bias the capacity is independent of the frequency and 
is measured 0.11 nF. C then represents the geometrical capacitance C = ere0AIL. 

43 



MDMO-PPV is now calculated to have an Er= 2.5 ± 0.4, which corresponds to the 
value of 2.9 found earlier and 3.0 according to literature [9]. 
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Figure S.10: C as function of frequency for bias voltages from 0 V to 
11 v 

Admittance spectroscopy has the benefit that it information on the mobility of the 
charge carriers can be derived as discussed in section 5.1.2. The data can be presented 
using the negative differential susceptance, by means of eq. 5.4.The finite transit time 
of the holes causes an inductive contribution to the admittance, which is reflected as a 
relaxation peak in the negative differential susceptance. 

(eq. 5.4) 

The negative differential susceptance is now given as function of the frequency for 
the various bias voltages (Figure 5.11). 
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Figure 5.11: -ÀB as function offrequency for bias voltages 
from 0 V to 11 V. 

The appearance of the peak depends on the measured impedance. For high 
impedances the peak fades in to the curve, with nothing more than a minor bump 
remaining. For low impedance the peak will be sharper. Conceming this matter 
problems with sample preparations for deterrnination of the mobility are discussed in 
Appendix C. In the figure above also some noise is present in the low frequency part 
of the measurement, which makes it difficult to deterrnine the maximum of the peak. 

Figure 5.12 shows the negative differential susceptance as a function of the frequency 
for various bias voltages for a second sample, prepared with a different protocol for 
cleaning substrates, not polluted by noise. The peak arises around 500 Hz. 
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Figure 5.12: -.iB as function offrequency for various bias voltages. 

With this information the mobility can now be determined for each bias voltage by 
using eq. 2.8 for SCL current. The mobility is then set out as a function of the applied 
field in Figure 5.13. From the exponential fit y = Aexp(Bx) values for the field
independent mobility µo and the field activation y can be found, using eq 2.13. 
MDMO-PPV has a hole mobility of µo = 1.96x10-11 m2Ns and y = 7.5x10-5 (mN)112

. 

This correspond with literature where µ0 = 3x10-11 m2Ns and y = 5xl0-4(mN)112 [9]. 
Due to the error on the measurements, the slope of the exponential fit is not strictly 
determined and nothing can be concluded with respect to y. 
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5.2.2 PEDOT 

PEDOT is sandwiched between two Au-electrodes and measured as a function of the 
frequency. Figure 5.14 shows the impedance and the phase shift for bias voltages 
from 0 V to 6 V. The corresponding Nyquist plots are shown in Figure 5.15 . 
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Figure 5.14: lmpedance and phase shift as a function of the frequency 
(Hz) of PEDOT at bias voltages 0 V to 6 V. 

"._". ".,. ··"'·· 
4 ""...-"." 7 . •" •• • • 

... ~ 'Y • • • 
• ... ... • ... .!;. • • 

"" ". ." • • 
3 " " " • • 

" ... " " • • 
"" " "" • • N' " "E2 • "" • • • " " -;- " " • • " " • bias OV 

"" " • • • bias 2 V "" " • • " " , • 
bias 3 V 

~ ~ " " " bias 4 V \ bias 5 V 

"" 
bias 6 V 

60 65 70 75 80 85 90 95 

Re(Z) 

Figure 5.15: Nyquist plots for PEDOT. 

In Figure 5.16 the capacity is set out as a function of the frequency. Ata bias voltage 
of 0 V PEDOT has a geometrical capacitance of 2.8 nF. With A and L resp. 0.05 cm2 
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and 70 nm the dielectrical constant is calculated to be Er = 4.4 ± 0.2. This corresponds 
reasonably with the value 4.0 from literature [39]. 
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Figure 5.16: Cas a function of the frequency for various bias voltages 
from 0 V to 6 V for PEDOT. 

Figure 5.17 below shows the negative differential susceptance of PEDOT as a 
function of the frequency for various bias voltages. The noise in the low-frequency 
range does not affect the accuracy of the further analysis, as the observed peak occurs 
at higher frequencies, i.e. around 2xl05 Hz. 
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From this graph, or more precisely the frequency of the peaks, the mobility can be 
calculated for each bias voltage, giving the following plot (Figure 5.18). From the 
exponential fit y = Aexp(Bx) values for the field-independent mobility µ0 and the 
field activation y can be found, using eq. 2.13. PEDOT bas a hole mobility of µ0 = 
3.12x10-10 m2Ns and y =-Sxl0-5 (mN)112

• The negative activation bas no physical 
meaning as it may result from the error on the data. The variation on the data is too 
small to find a useful value for y. The mobility of PEDOT is higher then the value 
reported in literature µo=2 .3xl0-12 m2Ns [40,]. This value is even lower than the 
mobility of MDMO-PPV and thus not a very useful result. PEDOT/PSS is a 
commercially widely used material and companies continuously strive for better 
quality and a higher conductivity. Although both materials are delivered by Bayer, 
Germany (Baytron P) it is suggested that the material used in this study is more recent 
than the material in [ 40]. 
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Figure 5.18: Mobility as a function of -JE . 

5.3 Impedance spectroscopy of electrolytes 

In this study impedance spectroscopy is performed on electrolytes. This information is 
helpful in later analysis of the impedimetric behaviour of the biosensor for a thorough 
understanding of the different signal contributions. 

5.3.1 Theory 

An electrolyte is a substance that in a dissolved state conducts electricity. When 
dissolved an electrolyte dissociates to form free ions. When a current is applied a 
voltage will move ions to the cathode or anode. Conductivity is related with current 
intensity, which increases with the concentration of ions, and is expressed in 
microSiemens per centimeter (µSlem). 

In a strong electrolyte a high proportion of the solute forms ions. NaCl fully 
dissociates in Na+ and er ions and is thus a strong electrolyte. 
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When two planar electrodes are placed in the electrolyte solution, A is the surface of 
the electrode and 1 the distance between two electrodes. The ratio of 1 to A is a 
geometrie factor called the cell constant K = 1/ A, and it can be determined by 
measuring the conductivity and dividing by the value from literature. The 
conductivity cr is thus defined as the reverse of the resistance times the geometrie 
factor K, as in eq.5.5. 

K 
(}' =-

R 
(eq. 5.5) 

A fundamental parameter of the electrolyte, the molar conductivity A can be found 
from the conductivity using the equation below in which c represents the molar 
concentration of the added electrolyte in mol/l. 

(}' 

A=lOOO· 
c 

(eq. 5.6) 

In a strong electrolyte an increasing concentration will result in a minor increase in 
molar conductivity. This relationship is called the Kohlrausch's law and expresses 
how the molar conductivity as a function of the square root of the concentration. In 
this equation Ao is the molar conductivity when the ions do not interact with each 
other, or in the limit of zero concentration and is therefore called limiting molar 
conductivity. 

(eq. 5.7) 

Kohlrausch's law for the independent migration of ions states that for an electrolyte 
A0 equals the sum of the individual contributions from the ions. The table below 
(Table 5.2) gives the limiting molar conductivities of several ions, expressed in 
Scm2/mol. For any strong electrolyte the limiting molar conductivity Ao can now be 
calculated [ 41]. 

Cations Ai, (Scm2/mol) Ani ons Ai, (Scm2/mol) 

H+ 350 Off 199 

Na+ 50 er 76 
K+ 74 HC0 3. 45 

Ca2+ 119 co/ · 72 

HPO/ 66 

H2P04- 57 

Table 5.2: Limiting molar conductivity of several ions 
in Scm2/mol (41]. 

5.3.2 Materials & methods 

Phosphate buffered saline, or PBS, is used as electrolyte in electrochemical 
impedance spectroscopy [7]. This is a physiological salt solution to preserve 
biologica! activity. PBS consists of the electrolytes NaCl and KH2P04. HCl may be 
added to adjust the pH-value of the electrolyte. The PBS for this experiment is 
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prepared at BIOMED [42] and has a pH of 7.4. lt is then diluted with deionized water 
to molar concentrations ranging between 120 mM and 230 µM. 

5.3.3 Results & Discussion 

The lirniting molar conductivity of PBS is determined using impedance spectroscopy. 
Therefore the impedance of PBS solutions with various concentrations was measured. 
A reference setup was used as shown in the figure below (Figure 5.19). lt consists of a 
PVC-cell with extemal wires connected to two naked Au wires which serve as 
electrode. The electrodes conduct both at the surface and the sides. The conduction 
surface and the size of the setup has all been accounted for in the geometrie factor, 
experimentally deterrnined to be K=l.35 . 

Figure 5.19: Reference setup with a cell constant of 1.35. 

An AC current was applied and while the frequency was varied over a range of 20 Hz 
to 1 MHz the amplitude and phase shift of the impedance were measured. The result 
is shown in the Bode plots below (Figure 5.20). The measurements have been 
performed from low to high concentration while the setup is rinsed with deionised 
water between each series. Figure 5.21 shows the Nyquist plots fora selection of PBS 
concentrations. 
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Figure 5.20: Bode plots of various concentrations of PBS. 
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Figure 5.21: Nyquist plots for selected PBS concentrations. 

For PBS this circuit consists of a Randles circuit as discussed in section 2.1 with a 
resistor Rs, and a double layer capacitance, Cdi, in parallel with a charge transfer 
resistor Rei. as shown in Figure 5.22. The element of interest is Rs, the resistance of 
the electrolyte. lts value is derived from the high frequency part and can be directly 
read from the Bode plots above. On the left graph the impedance reaches a constant 
level in the high frequency region and the resulting values for the resistance of the 
electrolyte are given in Table 5.3. 
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Figure 5.22: Equivalent circuit for PBS with a contact resistor R" a 
double layer capacitance Cd1 and a charge transfer resistance R.,1• 



Concentration(mol/l) R, ('1) 

0.12 2.19El 

0.06 2.94El 

0.03 4.60El 

0.015 8.1 7El 

0.0075 1.50E2 

0.00375 2.88E2 

0.00187 5.45E2 

0.00093 1.03E3 

0.00046 1.89E3 

0.00023 3.28E3 

Table 5.3: Resistance of the electrolyte in various concentrations. 

From the impedance measurement and the resulting resistances of the various PBS
concentrations the conductivity cr can be found using formula 5.5. Dividing this value 
by the molar concentration of the added electrolyte results in the molar conductivity 
A. The measurement is not only performed on PBS but also on NaCl, HCl and 
KH2P04 because all three strong electrolytes are present in PBS, and because their 
lirniting molar conductivity A0 is known from literature. In Figure 5.23 below this 
molar conductivity is plotted as function of the concentration for each electrolyte. 
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Kohlrausch's law defines the relation between the concentration and the molar 
conductivity as in eq. 5.6. The linear behavior of the curves in Figure 5.23 
corresponds perfectly with this law. At very low concentrations the molar 
conductivity has an upward trend, which rnight be due to remaining salts from the 
environment. For each fitted electrolyte the intersection of the fit represents the 
lirniting molar conductivity A0. For NaCl, HCl and KH2P04 the experimentally 
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determined values correspond well with values found from literature (Table 5 .4) [ 41]. 
In this way the Ao of PBS is measured to be 1441 Scm2/mol, which is a doubtful 
result. According to Kohlrausch's law in independent migration of ions, Ao of PBS 
should be equal to the sum of the measured individual Ao 's, which is 675 Scm2/mol, 
so the measured value is too high. 

Scm2/mol: Experiment Literature 
NaCl 123±7 126 
HCl 417±9 426 

KH2PÜ4 135±6 131 
PBS (144±2) x 10 

Table 5.4: Limiting molar conductivity of the measured electrolytes 
NaCI, HCI, KH2P04 and PBS and their value in literature. 

The measurement protocol is then repeated using a biosensor setup with a cell 
constant of K=l.75 (Figure 5.24). This biosensor setup allows for four channels to be 
measured simultaneously. 

Figure 5.24: Electrochemical impedance cell, called the biosensor 
setup with a cell constant of 1.75. 

As a test and for reference, the measurement has been performed with NaCl. It is 
measured four times simultaneously (channel A, B, C and D) but one channel 
(channel A) was defect. The results for NaCl are shown in Figure 5.25. For the three 
operative channels the values of A0 (143, 124 and 121 Scm2/mol) are in 
correspondence with the value from literature, i.e. 126 Scm2/mol. The different 
channels operate simultaneously. 
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Figure 5.25: NaCI measured with the biosensor setup. 

The measurement with the biosensor setup is then performed with PBS. The result is 
shown in Figure 5.26. The values for A0 of PBS vary from 1486 to 1641 Scm2/mol, 
which is in the same range as the former result, measured with the reference setup, i.e. 
1441 Scm2/mol. The PBS buffer seems to have additional conduction mechanisms, 
which need to be investigated in more detail as Kohlrausch's law is obviously not 
fulfilled. 
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Figure 5.26: PBS measured with the biosensor setup. 
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After the measurements with the reference set-up and the biosensor setup, with which 
the electrolyte is measured, a third setup is now used to measure the electrolyte and 
the PPV. This biosensor is similar to the one above, but only has two channels, as 
shown in Figure 5.27. The setup has a cell constant of 4.23 . 

Figure 5.27: Electrochemical impedance cell with a cell constant of 
4.23. 

More specifically, It is now verified whether the presence of PPV influences A0
• One 

side of the biosensor is filled with an Au-contact. On the other side an Au-contact 
with an MDMO layer is placed, as shown in Figure 5.28. 

polymer substrate 

Figure 5.28: Schematic presentation of the differential biosensor setup. 

The measurements have been performed with PBS and afterwards with NaCl, with 
concentrations as in Table 5.5. 
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es 
C4 
C3 
C2 
c 1 

PBS mol/l 
0.1 

0.05 
0.025 
0.125 
0.062 

NaCI mol/! 
0.1538 
0.0769 
0.03845 

0.019225 
0.0096125 

Table S.S: Concentrations of PBS and NaCI. 

When filling the biosensor with PBS the first channel measures the impedance of 
PBS, while the second one measures PBS and MDMO-PPV. The figure below Figure 
5.29 shows both the Bode plots for PBS, with and without MDMO-PPV. 
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Figure S.29: Bode plots for PBS in different concentrations measured 
with the biosensor setup. 
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Obviously MDMO-PPV shows capacitive behaviour. 

Next the biosensor cell is filled with the NaCl solution. For NaCl in different 
concentrations, measured with the biosensor setup for both MDMO-PPV and without 
MDMO-PPV, the Bode plots are shown in Figure 5.30. 
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Figure 5.30: Bode plots for NaCI in different concentrations using the 
biosensor setup. 

Finally from the four measurements (two simultaneous measurements twice) above 
the molar conductivity is calculated as a function of the concentration, using the 
Randles cell as in the former measurements. The result is shown in Figure 5.31. The 
value of Ao for NaCl is slightly higher then the value from literature, but the R2-value 
for the linear fit of the NaCl data is too small to be a reliable fit. For PBS with a 
reliable fit we found a Ao, which is in the same order of magnitude as in former 
measurements. 

When comparing NaCl measured with and without MDMO-PPV it can be concluded 
that the values for Ao of NaCL measured with Au, 139±6 Scm2/mol, or with Au and 
MDMO-PPV, 132 ±6 Scm2/mol, is negligible. The presence ofMDMO-PPV does not 
affect the A0 for NaCl. The same goes for PBS, which has a value of A0 = 

1565 Scm2/mol measured with Au, and 1559 Scm2/mol measured with the Au and 
MDMO-PPV electrodes. 

The slopes of the curve change under influence of MDMO-PPV. The curve becomes 
steeper and the absolute value of b increases significantly. The presence of MDMO
PPV induces an extra harrier for the charge carriers to overcome as they diffuse from 
the electrolyte through the polymer into the Au. It is suggested that this effect is 
accounted for in the constant b. 
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Figure 5.31: Molar conductivity as function of the square root of the 
concentration for PBS and Na Cl. The two measurements of PBS 
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5.4 Conclusion 

In this chapter impedance spectroscopy has been performed on different layers of the 
biosensor structure. 

First, with impedance spectroscopy it was possible to determine the dielectric constant 
of polymers. lt was found that MDMO-PPV has an Er of 2.9. With admittance 
spectroscopy MDMO-PPV has been found to have a dielectrical constant of 2.5 while 
PEDOT has a dielectrical constant of 4.4. All values correspond with literature. 

Second, also the mobility of the charge carriers has been found using impedance 
spectroscopy. MDMO-PPV has a mobility µo = 1.96xl0-11 m2/Vs, corresponding to 
literature, while PEDOT is better conductive and thus is found to have a higher 
mobility µ0 = 3.12x10-10 m2/Vs, which is two orders of magnitude higher then the 
value from literature. 

Finally impedance spectroscopy has been performed on electrolytes. The limiting 
molar conductivity of PBS is determined to be around 1400 Scm2/mol. According to 
the law in independent migration of ions the limiting molar conductivity of PBS 
should be around 600 Scm2/mol. A reference measurement is performed with NaCl, 
giving good results, so the applied protocol is correct. PBS might contain a high 
concentration of HCl in order to preserve a neutral pH. HCl strongly affects the 
conductivity of the electrolyte. Information on the concentration of HCl in the 
preparation of PBS was not available. In a later experiment on comparing the effect of 
MDMO-PPV it was found that the presence of MDMO-PPV does not affect the 
conductivity of the electrolyte. 
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6 Biosensing 

After the analysis of the various parts of the biosensor in the previous chapter it is 
now time to verify the correct operation of this impedimetric immunosensor. 

6.1 Operating principle of the biosensor 

A biosensor is a sensor with a recognition element of biologica! origin. The detection 
system is based on the biologica! recognition of molecules by using the appropriate 
antibody for the antigen one wants to detect. These antibodies are immobilized on a 
transducer, which changes an electrical signal when the antibody detects its antigen.~ 
Polymers can serve as transducer layer for in vitro measurements and have a 
beneficia! low production cost. A polymer serves both transducer purposes: it is a 
serniconductor and can thus convert the signal of the biologica! receptors into an 
electrical signal and antibodies can be immobilized on polymers by means of physical 
absorption or by covalent bonding. With an electronical interface the electrical signal 
is then transferred to a user interface where the data can be displayed and controlled . 

• •• • • • 
••• • • • • • •• ... 

Figure 6.1: Schematic presentation of a biosensor. 

The biosensor group at IMO develops impedimetric immunosensor prototypes based 
on conjugated polymers. A differential set-up has been constructed as in Figure 6.2. 
With this sensor 4 channels can be measured simultaneously. As can be seen in the 
picture, for instance, two activated samples are placed in the setup (at the left) and can 
be compared with two reference samples that are not biologically activated with 
antibodies (at the right). 
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Figure 6.2: Impedimetric immunosensor based on conjugated 
polymers. 

The translation of biologica! recognition to an electrical signal is based upon 
impedance measurements of the polymer film. As the antibodies at the polymer 
surface capture their antigens, the resistive and capacitive behaviour of the electrode 
may change. To detect these surface changes, the complex resistance (impedance) of 
the polymer is measured between the bottom TiAu electrode, and a Au electrode in 
the sensor solution. This particular biosensor system allows measuring the impedance 
for a range of frequencies, between 20 Hz and 1 Mhz. The applied oscillating voltage 
was always 50 mV. 

6.2 Material 

In this experiment MDMO-PPV is used as transducer layer. Monoclonal mouse 
antibodies were used, aimed at detecting the fluorescent dye isothiocyanate (FITC). 

6.3 Sample preparation 

The polymer is spincoated on glass substrates of 12x20 mm, on which 4 parallel lanes 
of Titanium and Au have been evaporated. The Ti provides a better stitching between 
the glass and Au. The samples are then place on a hotplate at 80°C to evaporate 
possible leftovers from the solvent. The sample is finished off by means of a negative 
resist (chapter 3.1), leaving one circle on each lane uncovered. These are the four 
measuring spots, which are schematically depicted in Figure 6.3. 

photoresist 

Ti-Au lanes 

Figure 6.3: Schematic drawing (left) and a picture (right) of the 
sample prepared for biosensing [43). 

Reference spots are being made onto the sample, by treating two polymer electrodes 
with the protein bovine serum albumin (BSA), (6%), on which no antibodies can be 
immobilized. Antibodies are attached to the two remaining electrodes, thus creating 
activated samples (Figure 6.4). As an example of this biosensor operation, the 
measurement results of two different samples will be discussed. The first sample does 
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not have reference spots and the second sample has two reference points. After 
wirebonding the samples are ready to be placed in the biosensor setup . 

• " orbed 
lntlbodlH 

Figure 6.4: Biologically activated sample [44). 

6.4 Results & Discussion 

The first sample has been exposed to the following liquids. First it is washed with a 
PBS buffer solution. Second is the adsorption step; in which the sample is exposed to 
0.1 nmol/ml anti-FITC in a PBS buffer. In the third step, i.e. the washing step, the 
sample is washed with PBS buffer solution again to remove leftovers from the PBS 
buffer solution which contains the antibodies. In the sensing step the sample is 
exposed to a PBS buffer solution containing 50 pmol/ml FITC-DNA and finally the 
washing step with the PBS buffer solution is repeated. 

After each step, a complete impedance spectrum is measured. The results are depicted 
in Figure 6.5. A clear change in the spectrum can be seen after the sensing step, and it 
returns back to the normal spectrum after washing. To indicate the timeframe in 
which these changes occur, Figure 6.6 shows the impedance of the four electrodes at 
the time of step 4 and 5, at a fixed frequency of 80 Hz. One notices that the change in 
impedance spectrum mainly occurs at low frequencies. This indicates a change in 
capacitive behavior of the sensor electrodes. 

- bllfcn Ab 
········ ·art. Ab 

8ft« FtTC-ONA 
-lft• PBS w• 

Fr.quency(Hz) ~)(CJvn) 

Figure 6.5: Frequency-dependent impedance spectroscopy in a range 
of 20 Hz to 1 Mhz. 
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Figure 6.6: Time dependent measurement at a frequency of 80 Hz. 

To determine whether this impedance increase is antigen-specific, the second sample 
has two reference electrodes and two activated electrodes. Figure 6.7 shows the 
impedance of a reference and an activated electrode as a function of time, at 300 Hz. 
Three times after eachother (B,C,D), a 12 pmoVrnl FITC-DNA solution is injected, 
followed by PBS buffer washing. The impedance of the activated sample increases 
every time, while the reference sample remains unchanged. In subsequent steps, 
however, the increase is not as high as the first time, indicating that the sensitivity of 
the sensor degrades very quickly. Finally the sensor is rinsed with deionized water, 
and both active and reference electrodes change, since it is the liquid resistance that 
changes, and not the polymer sensing interface. 

300k-r;:::========1 A: Before AntiFITC-DNA 
• Activated Sample B-D: 12 pmol/ml antiFITC-DNA 

Reference Sam Ie E: deionized water washing 

250k 

î 200k e. 
~ 
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A B c D E 
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Time (min) 

Figure 6.7: Time dependent impedance measurement 
of the second sample. 

60 

This measurement shows that the sensor detects the desired molecules and after 
rinsing it with PBS it is ready for a new measurement. 
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6.5 Conclusion 

After exposion of the sample to 0.1 nmol/rnl anti-FITC the impedimetric 
immunosensor showed a response to the low concentration of 12 pmol/rnl FITC
DNA. After the sensing step a clear change occurs in the low-frequency part of the 
spectrum, thus indicating a change in capacitive behavior of the sensor electrodes. 

When comparing an activated sample with a reference sample in the sensing step, the 
impedance of the activated sample increases every time, while the reference sample 
remains unchanged. Tuis illustrates that the impedance increase in the spectrum is 
antigen-specific. In subsequent steps, however, the increase is not as high as the first 
time, indicating that the sensitivity of the sensor degrades very quickly. 
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7 Van der Pauw measurements: a demonstration on 
inorganic materials. 

For a detailed understanding of each part of the biosensor a thorough analysis is 
necessary, including the charge carrier concentration and the mobility of the 
transducer platform. For this purpose a Hall system is build and programmed for Van 
der Pauw measurements (section 3.3). The available platform currently used by the 
Biosensor group, MDMO-PPV, still has a very low mobility and is therefore difficult 
to measure with this setup. But the efficiency of the setup has been proven by means 
of other measurements: first the resistivity of TiN at room temperature is deterrnined. 
Next the resistivity of Ru02 is deterrnined as function of the temperature, both 
measured with the van der Pauw technique, which is currently restricted to the 
measurement of Rs-although in the future this will be expanded to measuring the hall 
coefficient RH. Finally a four-point resistivity measurement has been performed on 
the ceramic superconductor YBa2Cu3Ü7. 

The conducting oxides/nitrides have multiple applications; some of these materials 
like TiN are even biocompatible and may be suitable for a biologica! activation of the 
surface [45,46,47]. 

7.1 Measuring techniques 

7.1.1 Lateral four-point probe resistivity measurements 

A four-point probe resistivity measurement is a measuring technique that enables the 
resistivity measurement of any (semi-) conducting material. Four probes are placed in 
line on the sample. While a current is sent through the sample via the outer electrodes, 
the voltage is measured on the two inner electrodes, as shown in Figure 7 .1. This 
technique reduces the contact resistance [48] and very small resistances can be 
measured. 

Figure 7.1: Four-point probe resistivity measurement. 

Fora thin film the sheet resistance can be calculated using eq 7.1 [49]. 

R =_!:_V 
s ln2 1 

(eq. 7.1) 

The factor -/k 
2 

is the geometrie factor for infinite thin sheets. Non-ideal samples 

will require a different geometrical factor. The sheet resistance is independent of the 
probe spacing. 
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7.1.2 Van der Pauw resistivity measurements 

The van der Pauw technique is a Hall and resistivity measurement technique with an 
arbitrary shaped sample [50,51]. For the van der Pauw technique four small Ohmic 
contacts are placed on the surface of a thin sample. Van der Pauw demonstrated that 
these terminals correspond with two characteristic resistances, RA and Rs, which are 
related through the van der Pauw equation (eq. 7.2). 

- :rrR - :rrR 
exp(--A ) + exp(--8 

) = 1 
R, R, 

(eq. 7.2) 

This equation can be numerically solved for Rs, the sheet resistivity, which is the 
objective of a van der Pauw resistivity measurement. Although van der Pauw states 
that any arbitrary shape will do, a square or rectangle geometry is better than others, 
with the four contacts preferably in the corners of the sample, free of non-conducting 
islands, holes or inclusions. This geometry is shown in Figure 7 .2. 

1 4 

l12Qv" 
2 3 2 

Figure 7.2: Van der Pauw sample geometry. 

A voltage is applied over two neighbouring electrodes while the current is measured 
over the remaining two electrodes on the opposite corners. With Ohm's law the 
resistance can be found. This resistance is measured with the contacts placed in four 
different ways to ensure a correct result and to perform an averaging at the same time. 
The resistances Rijklare found using formulas 7.3-7.6. 

V34 V43 (eq. 7.3) R11 ,34 = ] 'R12,43 = 

/12 ' 21 

v;2 v21 (eq. 7.4) R43 ,12 =] 'R34,21 = 
' l34 43 

R32,41 
V41 V14 (eq. 7.5) =1,R23,14 

/23 ' 
32 

V23 V32 (eq. 7.6) Rl4,23 = I' R41,32 = 

14 /41 

With these resistances the characteristic resistance can be found as they are defined by 
eq. 7.7 and 7.8 . Inserting these values in eq. 7.2, the sheet resistance can be found 
numerically. All these calculations are performed within the Labview program, which 
only displays the sheet resistance as output.. 
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R = R21 ,34 + R,2,43 + R43 ,12 + R34, 21 

A 4 

R 
_ R32,41 + R 23,14 + R,4,23 + R41 ,n 

B-
4 

(eq. 7.7) 

(eq. 7.8) 

A square sample is the preferred geometry for an accurate Van der Pauw 
measurement. When the sample is rectangular the results have to be corrected with a 
geometrical correction factor that equals the width divided by the height of the sample 
(>l). 

7.2 Van der Pauw measurements on TiN 

7.2.1 Material 

Titanium nitride (TiN) is a hard material with an unusually high electrical 
conductivity. lt has a face centred cubic crystal lattice. lt has a high infrared reflection 
and unusual optical properties, such as a gold-tinged appearance when it is pure. TiN 
is thermodynamically stable in air up to 600°C and it is highly inert in corrosive 
media such as acids, bases, solvents" . It can be etched in HF, and it is slightly etched 
in Aqua Regia. TiN is an excellent non-stick surface against most other materials. 
Furthermore, it is non-toxic and biocompatible [52] and has been approved for use in 
numerous medical/surgical devices, including implants. The exceptional combination 
of its physical properties (high hardness, elasticity and electronic conductivity, etc) 
together with chemica! and metallurgical stability renders it suitable for many other 
applications such as mechanica!, electronic and optical: TiN is widely employed in 
semiconductor manufacturing as a "diffusion harrier" layer and also used as a hard 
coating for machine tools, turbine blades, and other metallic surfaces. lt is a 
piezoelectric material and is applied in surf ace acoustic wave (SA W)-devices. TiN 
can also be used in a coating of surgical instruments, with the purpose of creating 
materials more resistant to wear and corrosion and also reducing adhesion [53]. 
Furthermore, it can be produced with standard thin film technologies. This offers 
several advantages such as a low cost production and high reliability. 

7.2.2 Sample Preparation 

The samples consist of thin titanium nitride (TiN) layers deposited by reactive 
magnetron sputtering on glass substrates (Microscope slides). They were obtained 
from the Wide Band Gap materials research group at IMO, UHasselt. The deposition 
occurred at room temperature, hut due to the deposition process the temperature of the 
substrate can raise up to 300°C. The deposition conditions are as following : 

Applied DC power to the titanium target: 600 W 
Nitrogen concentration in argon: 5% 
Total pressure: 4.5E-3 mbar 
Distance between the target and the substrates: 5 cm 

Under these conditions, the deposition rate has been estimated to be 240 nm/min. The 
parameter that was varied is the deposition time and with this information the layer 
thickness can be calculated, as shown in Table 7 .1: 
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Deposition 
Layer 

thickness 
time (s) 

(nm) 

Sample A 15" 60 

Sample B 30" 120 

SampleC 7" 28 

Sample D 45" 180 

Sample E 1000 

Table 7.1: Deposition time and calculated layer thickness of the 
samples. 

Sample E was grown under similar deposition conditions and has a similar resistivity: 
-100 µ.Q.cm (measured by the 4 probes measurement) and its thickness is-1 µm. 

The samples have a van der Pauw configuration with a square surface of 
approximately 1 cm2 and 4 contacts placed in the corners of the sample. 

7.2.3 Results & Discussion 

All measurements are performed at room temperature and repeated 10 times per 
sample, the values of sheet resistance in Table 7.2 are averaged. For known 
thicknesses the resistivity of the material can be found from the sheet resistance ( eq. 
2.4) and is also given in Table 7.2. 

Lay er Sheet 
Resistivity 

thickness resistance 
(nm) (n.ID) 

(µCl cm) 

SampleA 60 59.1±0.1 512.4 

Sample B 120 25.5± 0.1 354.6 

Sample C 28 183±2 306 

SampleD 180 14.2± 0.1 255.6 

Sample E 1000 1.481±0.001 148.1 

Table 7.2: Sheet resistance at room temperature for various deposition 
times ofTiN. 

Figure 7.3 and Figure 7.4 show the sheet resistance resp. the resistivity as a function 
of the layer thickness. The resistivity decreases with increasing layer thickness. A 
thicker sample is more pure due to less tensions of the substrate. In literature was 
found that at room temperature bulk TiN has a resistivity of 25 µ.Qcm [54], while 
other studies show values around 100 µ.Qcm [55]. Other deposition techniques were 
able to decrease the resistivity down to 30 µ.Qcm [56]. The resistivities of the TiN 
samples shown in the figure below correspond well. 
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Figure 7.3: Sheet resistance ofTiN as function oflayer thickness. 
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Figure 7.4: Resistivity ofTiN as function of the layer thickness. 

7.3 Van der Pauw measurements on Ru02 

7.3.1 Material 

Ruthenium dioxide Ru02 is a conductive oxide which has been under investigation 
for various applications. lt has good diffusion harrier properties in integrated circuit 
processing [57] or can be used as thin film resistors capable of achieving a zero 
temperature coefficient [58,59]. 

Ferroelectric materials are used in non-volatile ferroelectric random acces memories 
[60]. In these devices Ru02 is an excellent altemative to overcome problems 
occurring from the use of Pt as bottom electrodes. Usually these electrodes are 
produced successfully but with very expensive equipment, whereas recently a new 
method is developed for synthesizing electroceramic oxides and ferroelectric 
materials: the electrodes are fabricated through an aqueous solution-gel route [61]. 
The Ru02 prepared in this manner is subject of electrical characterization. 

7.3.2 Sample preparation 

The preparation of the Ru02 solution with an optimized aqueous solution-gelroute is 
described in [62] . This solution is spincoated on Si/Si02 substrates cleaned with SPM 
(H202/H2S04) / APM (H20IH202/NH3). Three samples are prepared with two layers of 
0.68 mol/l spincoated and gone through a heating process as described in [62]. In this 
last step the samples are kept at 600°C for 30' under different atmospheres. A fourth 
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sample consists of three layers of 0.68 mol/l Ru02. The data is given in table below 
(Table 7.3). Notice that dry air contains 20 % 0 2. 

Number oflayers Atmosphere 

Sample 1 2 Ni 

Sample 2 2 Dry air 

Sample 3 2 0 2 
Sample4 3 Dry air 

Tab Ie 7.3: number of layers and atmospheres used for Ru02 samples. 

At high temperatures the various atmospheres can oxidize the Ru02 to Ru03 or Ru04, 
which evaporates faster, leaving more grains in the sample reducing the conductivity 
and therefore increasing the resistivity. 

The samples have a van der Pauw configuration with a square surface of 
approximately 1 cm2 and 4 contacts placed in the corners of the sample. 

7 .3.3 Results & Discussion 

In literature resistivity measurements performed using the four-probe technique on 
crystalline Ru02 films of 120-150 nm show metallic behaviour over a temperature 
range from 4.2 to 300 K and a room temperature resistivity of 37± 2 µ.Qcm [63]. 
Resistivity measurements in van der Pauw structures for temperature ranges from 30 
to 400 K only show a trend of the resistivity with the temperature variation above 
100 K [64]. 

The layer thickness of the samples has been measured with a SEM and a DEKT AK 
profiler. Both techniques measured 40 nm thickness per layer 0.68 moVl Ru02. With 
this information the resistivity is calculated from the measured sheet resistance. The 
figure below (Figure 7.5) shows the resistivity as a function of the temperature over a 
range of 80 to 400 K for the three different atmospheres during the crystallisation. 
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Figure 7.5: Resistivity as a function of the temperature for samples 
crystallized under various atmospheres. 

The figure below (Figure 7.6) shows the resistivity as a function of the temperature 
over a range of 80 to 400K for two and three layers of 0.68 mol/l Ru02 in 600°C of 
dry air. 

260 

240 

220 

Ê j 200 

?;-
:~ 180 
ûi 
ëii 
Q) 

a:: 160 

140 

• 2L 
120 

50 100 150 200 250 300 350 400 450 

Temperature (K) 

Figure 7.6: Resistivity as a function of the temperature for 2 and 3 
layers of 0.68 mol/l Ru02• 

Below 100 K indeed the sheet resistance and thus the res1stiv1ty appears to be 
independent of the temperature. The room temperature values for the sheet resistance 
and the resistivity of the samples are shown in the table below (Table 7.4). The 
resistivity is higher then the values from literature, hut as mentioned before the 
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resistivity is increased as there are more grain boundaries due to the preparation via 
the sol-gel route. 

R. at room temperature (il) Resistivity at room temperature (µ.Clcm) 

Sample 1 
Sample 2 

Sample 3 

Sample4 

24.3 194.4 
23.9 191.2 

26.8 214.4 

17.3 207.6 

Table 7.4: Measured sheet resistance and calculated resistivity at room 
temperature. 

For pure metals the resistivity p, rises linearly with temperature above some tens 
ofK (section 2.1). p, is the thermal resistivity component that, when summed with p; 
and pd, the impurity and deformation resistivity contributions, determines the 
resistivity as shown in the formula below (eq. 7.9), also referred to as Matthiessen's 
rule. 

p=p,+p;+Pd (eq. 7.9) 

This corresponds with the results of the Ru02 samples measured in this project. The 
measurements of the four samples (Figure 7 .5 and Figure 7 .6) are fitted linearly above 
100 K. The values for p0 and a are given in the table below (Table 7.5). The values of 
R2 indicate good linear fits. 

Po a Rz 

Sample 1 7.0±0.l (601 ± 4) 104 0.98 

Sample 2 11.6 ± 0.1 (422,4 ± 0.7) 104 0.98 

Sample 3 13.4±0.l (4 ± 1) 10-2 0.98 

Sample 4 9.3 ± 0.1 (272.6 ±0.6) 10-4 0.98 

Table 7.5: Linear fits oftemperature dependent resistivity ofRu02• 

When comparing sample 2 and 4, the 2-layer sample has a higher value of a then the 3 
layer sample and depends more strongly on temperature. Increasing the number of 
layers decreases the temperature dependency as the layer boundaries complicate 
conduction. 

The atmosphere also has an influence on the resistivity of the samples. From sample 1 
to 3 the oxygen level increases from 0% in Ni over 20% in dry air to 100% in 02. As 
expected the resistivity increases with oxygen level. 

7.4 Four point resistivity measurement of a ceramic superconductor 

7.4.1 Material 

YBa2Cu30 7, abbreviated to YBCO, is a high temperature superconductor. In this 
category the critical temperatures can rise up to 140K as opposed to conventional 
metallic superconductors with a cricital temperature below 25 K. Figure 7.7 shows the 
structure of YBCO. The cell parameters are a = 0.388560 nm, b = 1.168040 nm and 
c = 0.381859 nm. The sample is a compressed pellet. lt is sintered at 950°C during 40 
hours. 
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Figure 7.7: Crystal lattice ofYBCO. 

7.4.2 Results & Discussion 

Figure 7.8 shows the measured resistance of YBCO as a function of the temperature 
from 75 to 300 K. The resistivity decreases while the temperature is decreased until 
the temperature reaches 87 K, where the resistivity drops below a measurable value. 
When heating the sample superconductivity occurs at higher temperature due to the 
hysteresis effect. The thermometer is mounted slightly above the sample and thus the 
read-out temperature is lower then the actual temperature of the sample. The cooling 
speed is kept between 1 and 4 K per minute to rninirnize the hysteresis effect. 

3.o~----------------~ 

2.5 

2.0 

Ë 
g 1.5 

.!!! 
"' ëii 
~ 1.0 

0.5 

• YBa2Cu30," 

75 100 125 150 175 200 225 250 275 300 325 

Temperature (K) 

Figure 7.8: Resistance of YBCO as a function of the temperature. 
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Next the resistance is measured under influence of a magnetic field. The result is 
shown for various temperatures in Figure 7.9. The resistance decreases as the 
magnetic field decreases in absolute value. At 87 K no superconductivity is noticed in 
the presence of the magnetic field. Only at 81 K the superconductivity sets in. The 
applied magnetic field strongly influences the critical temperature. 
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Figure 7.9: Resistance ofYBCO as a function of the magnetic field for 
various temperatures. 

7.5 Conclusion 

Van der Pauw measurements on TiN indicated that the sheet resistivity decreases with 
increasing layer thickness. The calculated resistivity of TiN corresponds well with 
values from literature. The measurements were repeated ten times at room 
temperature and the deviation was small, indicating an accurate operation of the 
measuring system. 

Van der Pauw measurements on Ru02 have then been performed as function of 
temperature. In correspondence with literature a trend of the resistivity with the 
temperature variation above 1 OOK was noticed, while be low 1 OOK indeed the sheet 
resistance appears to be independent of the temperature. Ru02 bas a linear relation 
between resistivity and temperature. 

The cryostat setup was also used for a successful four-point probe measurement of a 
superconductor. The YBCO sample is superconductive with a critical temperature of 
87 K, which corresponds with the value from literature of 92 K. When measured 
under influence of a magnetic field the resistance decreases as the absolute value of 
the field decreases and the critical temperature decreases under the influence of the 
applied magnetic field . 
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Appendices 

Appendix A: schematic drawing of the PCB used in the cryostat. 

The sample is mounted in the printed circuit board (PCB) which is then placed on the 
sampleholder. The figure below shows the design of the PCB, made by Lieven De 
Winter. 
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~ 

Figure A.1: Design of the PCB inside the cryostat setup. 
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Appendix B: schematic drawing of the sampleholder used in the 
cryostat. 
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Appendix C: Labview programme 

The programme for a 2 point resistivity measurement is given below. Figure C.1 
shows the front panel of the Labview Programma. In the top left corner the user can 
choose values for the current, and speed at which must be cooled down (ramp), and a 
high and low temperature setpoint. 

Temp - setp (K) f7s 
==::::: Ramp (K/min) 13.oo 

Temp - end (K) 1310 

Temperature (K) @.oo 
Set point (K) ;::@.=oo=::::; 

Resistance 1-2 (Q) @.OOE+OI 
Resistance 3-4 (n) @.OOE+ol 
...... 
•.::'!. 
~~ 
·~l 
11. INSTITUUT VOOR 

.2:' MAT!'RIAALONOERZOEI< 
C' 
::. 

Figure C.1: Front Panel. 

Below the diagrams for the Labview program can be found. The program mainly 
consists of 4 sequences. Sequence 0 is shown in Figure C.2. In this step a contacts 
check is performed. 
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Figure C.2: Sequence 0. 

In sequence 1 a file is created to save the measured data and 5 sequences-of which 
only sequence 0 is shown- are used to turn on all equipment and set them in the right 
status (Figure C.3). In the fifth sequence a subVI is used to stabilise the temperature 
controller. 
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Figure C.3: Sequence 1. 

In Sequence 2 the actual measurement occurs. The temperature decreases at the user
defined rate and once the low-temperature setpoint is reached the system starts 
heating, all while 2 point resistivity measurements are performed in the subsequence. 
(Figure C.4). In this sequence the data is exported to the file created earlier. 
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Figure C.4: Sequence 2. 

The program ends by switching off the current source in sequence 3 (Figure C.5). 

······-···-·····---····-····---·····--··········--····--····-··-----ïiiï~t:; 

FigureC.5: Sequence 3. 
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Appendix D: analysis of the short-circuit problem using SEM. 

Following images are taken by J. D'Haen with SEM on the crossing of the two 
electrodes with an enlargement of 400 times(Figure D. l and Figure D.2). 

Figure D.l: SEM-image on which the black spots indicate material 
different from the environment. 

The white dots in the topographic picture below (Figure D.2) are on top of the sample 
and thus not affect the operation of the device. The bigger dark spots are defects in 
the sample and they are shown at enlarged scale in the next figure (Figure D.3) 

VIII 

Figure D.2: SEM-image showing the topography of the electrode 
surface. 



Figure D.3: Enlarged picture of the sample defect. 

Apparently the sample suffers a form of contamination. The defect was only found on 
the crossing of the two electrodes. Analysis of the contamination mark indicates the 
presence of Na and Ca, as opposed to a smooth surface area next to the defect. Ca is 
present in water and thus in air, as is Na. The sample is postponed to air for 
evaporating of the top and bottom electrode and could in this way be contaminated 
with Na and Ca. But it is suggested that the main cause of contamination is the soap 
solution used while rinsing the glass substrates. The sample is compared with a 
sample with a full preparation procedure inside the glovebox and a more intensive 
cleaning procedure. Clearly this sample has a smoother electrode surface (Figure 
D.4), and no contamination could be found. 

Figure D.4: SEM-image showing the topography of the smooth 
electrode surface. 
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Appendix E: schematic drawings for the sampleholder for the 
evaporator inside the glovebox. 

All following sketches (Figure E.1-Figure E.3) have been designed by Johnny 
Bacchus. The devices were made by Johan Soogen. 

Figure E.l: Rolder for evaporator in the glovebox. 
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Figure E.2: Technica) scheme of the bolder for evaporator in glovebox. 
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Figure E.3: Heavy weight cover for pressure to keep samples in place. 
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