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Abstract:

Organic semiconductors are prime candidates for thermoelectric applications, because one can 
maximize the dimensionless figure of merit ZT (by maximizing the Seebeck coefficient and electrical 
conductivity) while simultaneously minimizing the thermal conductivity. In this work, we explore a 
few materials and try to find their thermoelectric characteristics. For the n-leg of the thermogenerator, 
we studied a modified fullerene (PCBM) which is doped with TDAE vapor. For the p-leg, we studied 
PEDOT and found the TDAE dedoping level at which the figure of merit is maximized.
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1 INTRODUCTION

1.1 MOTIVATION

The recent surge in fuel prices and the inevitable prospect of a peak oil era looming over us, have 
driven research efforts to look into finding more viable alternatives and using energy in a more efficient 
manner. Thermogenerators are a good way to harvest part of the heat produced by the Joule effect, 
mechanical engines or nuclear processes. The devices exploit the Seebeck effect to convert temperature 
differences directly into electrical energy. Older thermogenerators were made out of bimetallic 
junctions, while newer generations consist of silicon p-n junctions. The efficiency of such devices is in 
the 5-10% range. With the advent of organic semiconductors, one is tempted to explore how these 
relatively easy-to-process materials with high thermal mass would behave in such apparatus. Our work 
initially focused on studying the materials for the n-leg of thermogenerators and deriving a number of 
their characteristic thermoelectrical figures. N-type organic materials present a number of challenges, 
not the least of which, is their instability. As the project advanced, and because of the aforementioned 
challenges, we also turned to the thermoelectric characterization of a p-type material. Finally, we tried 
to optimize the materials by a doping process to maximize the thermodynamic efficiency.
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1.2 METHOD AND STRUCTURE

This diploma work was mainly experimental in nature. A non-negligible part of it relied on literature 
study nonetheless. The goal was to thermoelectrically characterize an organic material, and to find one 
suitable for thermogenerator applications. Because of the novel aspect of dealing with n-type materials 
in our institution, quite a few polymers and dopants were considered and studied.

The first chapters of this thesis focus on literature review, theoretical background and a presentation of 
the different techniques and materials used. Specifically, the coming chapter is a general presentation 
about organic semiconductors, their properties and varieties. The next chapter deals with the theory 
behind the thermoelectric effect. Latter chapters are about the experiments and analysis of the results. 
References are found at the end of the document, and the different techniques and methods used 
throughout the experimental part are covered in an appendix.
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2 ORGANIC SEMICONDUCTORS

2.1 BACKGROUND

2.1.1 General

The semiconducting properties of some organic materials have been known for almost half a century. 
The first documented report of such behavior is dated to 1963, when passive high conductivity was 
observed in oxidized and iodine-doped polypyrrole[1]. More often credited with the “discovery” of 
organic semiconductors are Shirakawa et al, who observed high conductivity in oxidized and iodine-
doped (trans)-polyacetylene[2]. For this discovery, they received the Nobel prize in chemistry for the 
year 2000.

The interest for these materials remained low until Friend's group at Cambridge University managed to 
make a light emitting diode using poly-paraphenylene vinylene (PPV). The conjugated nature 
(alternation of single and double covalent bonds along the molecule) of PPV meant that, by changing 
the energy levels of the π molecular orbitals, one is able to tweak the wavelength of the emitted photon 
(i.e: change the color of the LED)[3]. This discovery opened the floodgates, and organic 
semiconductors started being investigated, as well as successfully used in many domains even beyond 
optoelectronics. Today, organic semiconductors are used for organic field-effect transistors (OFET), 
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organic solar cells, electrochemical transistors, organic light emitting diodes and more recently, 
biosensors. Organic thermoelectric devices have received little attention up to now.

All these applications rely on a couple of basic phenomena: charge recombination leading to a light-
emitting excitation or, exciton dissociation into positive and negative charges upon absorption of 
radiation. Charge transport in thin films can be either intramolecular whereby the charge gets funneled 
along the conjugated chain, or intermolecular, where the charge hops from one chain to the other[4]. 
This transport depends on π-bonding orbitals and the overlap of the quantum mechanical wavefunction, 
as well as the energy differences between the highest and the lowest occupied molecular orbital 
(HOMO and LUMO) levels of the molecules.

Organic materials have many advantages compared to their inorganic counterparts. The most important 
being the relative ease of processing. Indeed, organic semiconductors ushered the field of what is 
commonly referred to as “printed electronics”[5]. Techniques such as screen printing, flexography, 
gravure or offset lithography are nowadays used to produce electronic devices, driving the cost per unit 
down. Another advantage of this emerging technology is its environmental friendliness. The traditional 
silicon-dominated electronics industry relies heavily on photolitography and the toxic solvents that this 
requires. On the downside, charge mobility is reduced in conducting polymers making inorganic 
semiconductors more suited when mobility is a critical factor.

2.1.2 Molecular orbital theory

Molecular orbital theory is often used to conceptualize the principles behind conduction in organic 
polymers. In this theory, charges are treated as spreading throughout the entire molecule instead of 
belonging to a particular bond. 

When two atoms are put in the vicinity of one another and a bond is created, molecular orbital theory 
posits that the electron found between them belongs to both orbitals. The overall wavefunction created 
is considered to be the superposition of these orbitals and is referred to as a linear combination of  
atomic orbitals. 

For a system composed of two similar atoms, and assuming the Born-Oppenheimer approximation, the 
probability density can be calculated by squaring the wavefunction. The figure below depicts electron 
density in a homonuclear diatomic molecule (H2), when the resulting interaction is constructive. Note 
the accumulation of electron density between the two atoms. This type of constructive interference 
leads to a bonding orbital[6].
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Fig. 1: Electron density plot of a H2 molecule in the case of a bonding orbital

On the other hand, if the interference is destructive (i.e: a reduction in the interatomic cohesion when 
the orbital is occupied), the resulting orbital is called an antibonding orbital. The following figure 
depicts the electron density in a homonuclear diatomic molecule. Note that, unlike the constructive 
interference from the previous figure (for a bonding orbital), the interatomic electron density is 
eliminated in this case[6].

Fig. 2: Electron density plot of a H2 molecule with an antibonding orbital

Bonding and antibonding orbitals are crucial elements to understand how more complex systems are 
held together, and the origin of so-called “nodes” in polymeric chains. Bonding orbitals have lower 
energy than their antibonding counterparts. This is obvious, given that breaking bonds requires energy 
and destabilizes the system.

This discussion focused on σ bonds. That is, the covalent chemical bond that has cylindrical symmetry 
around the internuclear axis. It is so called, because of the analogy it has with a pair of electron in an s 
orbital. In actuality, it can also be formed by collinear p orbitals. The π bonds are different in that their 
orbital symmetry resembles that of p orbitals when seen down the bond axis. They are formed by  two 
“vertical” p orbitals (i.e: Pz orbitals) overlapping. The following figure crudely depicts how two p 
orbitals interact to form a π bond. 
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Fig. 3:  Schematic of a π bond formed from two pz orbitals

In the same vein as for the σ bonds' discussion above, when two pz orbitals interact (i.e: resulting in a π 
bond), two energy levels are created: One bonding orbital with lower energy (more stable) and one 
antibonding orbital with higher energy. 

Our first example in the following section will be polyacetylene, and it is necessary to understand how 
the electronic structure of that polymer evolves with chain length. So, first let us consider a simple 
ethylene molecule. Its chemical formula is C2H4 and is the building block of polyacetylene. When two 
methyl radicals interact, an ethylene molecule results. The figure below illustrates the molecular 
orbitals of two methyl radicals and the way the ethylene molecular orbitals are constructed[7]. The p 
orbitals are merged to create a π bond.

Fig. 4:  Schematic of an ethylene molecule's orbitals and their 

formation from two methyl radicals' orbitals

Because they are not on the same planar level, the  σ and π energy levels are independent. For the 
ethylene molecule, that results in the electronic configuration depicted in the figure below. On the right 
side of the figure is a schematic representation of bonding and antibonding orbitals[6]. The antibonding 
orbital (the one at the top) has one node, whereas the bonding orbital has none. 
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Fig. 5:  Energy levels of the orbitals of an ethylene molecule

As the polymeric chain is extended (i.e: methylene → ethylene → butadiene → hexatriene, etc.) the 
splitting at the π level continues and the number of nodes increases. As seen in the previous example, 
the energy of the π molecular orbitals continues to go up as a function of the number of nodes.

For an infinitely long chain, the energy levels between the different bonding orbitals approaches zero. 
The same happens for antibonding orbitals. At that point, we can talk about continuous energy zones 
for the π and π* levels. Those can thus be considered energy bands in the same sense as for the 
traditional inorganic semiconductors. 

In the next section, we introduce p-type organic semiconductors.

2.2 P-TYPE ORGANIC SEMICONDUCTORS

P-type semiconductors are those where positive charges - known as electron holes (i.e: the absence of 
electrons) – greatly outnumber thermally excited electrons. In that scenario, the latter are referred to as 
the minority carriers, whereas the holes make up the majority carriers. P-type semiconductors are 
obtained by doping the pristine (or in solid state physics terminology, intrinsic) semiconductor in order 
to increase the number of positive free charge carriers. This can be achieved chemically by adding 
reactants in order to oxidize the system. That is, holes are created in the conducting orbitals within the 
potentially conducting material. Alternately, one may suspend the intrinsic semiconductor in an 
electrolyte solution  through which an appropriately polarized potential difference is applied. Holes are 
then forced to enter the material, along with the counter ion from the electrolyte. This method is known 
as electrochemical doping.
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As far as conductive polymers are concerned, p-type semiconductors are much more common due to 
the oxidative nature of the Earth's oxygen-rich atmosphere. The following sections present two typical 
p-type organic semiconductors.

2.2.1 Polyacetylene

Polyacetylene garnered interest as a conducting organic material after the Shirakawa-Heeger-
MacDiarmid Nobel prize winning trio managed to get an eight orders of magnitude increase in 
conductivity by doping it with iodine[8] . The way this molecule is polymerized is out of the scope of 
this document, but profuse details can be found in the literature[9].

Polyacetylene has alternating double and single covalent bonds along the chain, making it a conjugated 
polymer. Sp2 hybridized orbitals are formed as a consequence to this conjugation. In non-conjugated 
polymers, all the valence holes are bound in the sp3 hybridized orbitals. So, there are no mobile charges 
to participate in an electronic current.

Polyacetylene is an organic polymer with the repeat unit (C2H2)n. One should distinguish between cis-
polyacetylene and trans-polyacetylene as the molecules in both configurations have different physical 
properties. Typically, the stereoisomer is said to be in its cis form if the substituent groups (or, in their 
absence, the hydrogen atoms) are oriented in the same direction. When oriented in opposite directions, 
the stereoisomer is in its trans version. Since the non-excited state of the polymer doesn't change should 
the double bonds and single bonds be interchanged, polyacetylene has a degenerate ground state. 

The following figure illustrates a segment of trans-polyacetylene.

Fig. 6: Schematic representation of the trans-polyacetylene's structure

The molecular orbital theory introduced in the previous section allows us to predict the formation of 
two energy bands: A valence band at the π orbital and a conduction band at the π* orbital. The gap 
between the valence and conduction bands is called the bandgap. 

In conjugated polymers, the bandgap between π and π* is relatively small compared to that for 
bandgaps between σ and σ*. A consequence of that, is the relative ease with which one can dope 
conjugated polymers. In the case of p-type semiconductors, the doping consists of adding an electron 
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hole to the valence band (that is, subtracting an electron from it). For that purpose, iodine was 
originally used by Shirakawa et al.

2.2.2 PEDOT

PEDOT is one of the most commonly used conductive polymer around. It is a repeating sequence of a 
thiophene derivative. More specifically, it is 3,4-ethylenedioxythiophene, hence poly(3,4-
ethylenedioxythiophene). In its conducting state, the polymer is transparent, has high stability and a 
low reduction potential. Below is a schematic representation of the structure of PEDOT. 

Fig. 7: Chemical structure of PEDOT

However, PEDOT has poor solubility which is why it is often mixed with poly(styrenesulfonate) - PSS 
for short. The mixture is thus known as PEDOT:PSS, and is commercialized (among others) by AGFA 
under the name Orgacon.

One particularity of this material is that it changes color from transparent light green in its oxidized 
state, to opaque blue in its reduced state. 

For the purposes of this project, we polymerized PEDOT from EDOT using iron tosylate diluted in 
butanol. We also add pyridine to slow down the chemical reaction's rate. A schematic representation of 
EDOT's chemical structure is provided below.

Fig. 8: Chemical structure of EDOT
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2.3 N-TYPE ORGANIC SEMICONDUCTORS

2.3.1 PTCDI

The first n-type organic polymer to be considered for the thermoelectrical characterization was PTCDI 
(N,N′-Ditridecylperylene-3,4,9,10-tetracarboxylic diimide) with chemical formula C50H62N2O4. The 
figure below shows the structure of the molecule[10].

Fig. 9: Chemical structure of PTCDI

The material has a brown color and was obtained as powder form from Sigma-Aldrich. It was 
originally supposed to be doped with cobaltocene. However, PTCDI turned out to be very difficult to 
dissolve in toluene, benzene, chlorobenzene and the range of other solvents that we tried. There are also 
very few references to manufacturing films with PTCDI in the literature, so other materials had to be 
investigated for the project to move forward.

2.3.2 BBL

The second n-type organic semiconductor to be investigated was a so-called “ladder polymer”, namely 
BBL (polybenzimidazobenzophenanthroline). Its chemical formula is (C20H6N4O2)n and it is depicted in 
the figure below[10].
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Fig. 10: Chemical structure of the BBL polymer

The polymer is in the form of tiny strips of vivid dark red color, but is very hard to dissolve in common 
solvents. A particularly strong acid was (carefully, yet successfully) used to dissolve it, namely 
trifluoromethanesulfonic acid (TFMSA). However, the strength of this acid was too high to be 
considered. A milder version of the solvent, methanesulfonic acid, was tried with limited success. The 
acid was nonetheless considered too strong to be used in a glovebag environment. 

2.3.3 PCBM

After trying the above materials, the focus of the project had been shifted from PTCDI and ladder 
polymers, such as BBL, to a relatively better known material – namely, the fullerene derivative known 
as {6}-1-(3-(methoxycarbonyl)propyl)-{5}-1-phenyl-[5,6]-C61 or [C61]-PCBM for short. The latter 
has been used in conjunction with P3HT to build solar cells for quite some time, and its properties are 
therefore better documented in the literature. It is also relatively more stable and easier to dissolve than 
PTCDI or BBL. 

Both Acridine Orange Base (AOB) and Tetrakis(dimethylamino)ethylene (TDAE) have been 
investigated as potential electron donors to dope the [C61]-PCBM. The [C61]-PCBM was obtained 
from American Dye Source[11] (item ref. ADS61BFB) and dissolved in 1,2-Dichlorobenzene. This 
solvent was chosen because it can dissolve fullerene derivatives at fairly large concentrations (up to 
20mg/ml). That is, one order of magnitude larger than what can be dissolved in aromatics such as 
toluene, and two orders of magnitude more than the concentrations that can be reached using 
chloroform. Although, strangely enough, American Dye Source's brochure for the [C61]-PCBM[12] 
speaks of high solubility in toluene. Which suggests that stirring and heating might lead to more 
concentrated solutions. However, we were unable to dissolve much PCBM in toluene, even when 
applying heat and stirring.

The downside 1,2-Dichlorobenzene is its high boiling point, so samples have to be dried for a long time 
or in an oven.
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Below is a figure representing PCBM's chemical structure.

                              

Fig. 11: Chemical structure of the modified fullerene

The obtained solution exhibited poor wettability and hydrophobic tendencies. Ideally, one would want 
to characterize a homogeneous spin-coated film, as opposed to a rugous, uneven casted drop.  Adding 
up to 10% by volume of Diethyl Carbonate (DEC) improves wettability. Larger DEC proportions 
showed no significant improvements in terms of wettability. Trial and error determined that the best 
films (no striations) are obtained using a spinning speed of 1500rpm for a duration of about 10 seconds. 
All samples are subsequently annealed at 70°C for 3 minutes. 

In the next section, we introduce the different doping agents that were tried.

2.4 REDUCING AGENTS

2.4.1 Cobaltocene

The first reducing agent (also known as a reductant) that was investigated was cobaltocene (C10H2Co). 
It is also known as bis(cyclopentadienyl)cobalt(II). The solution used was a 10% solution in benzene. It 
is dark purple and was, of course, handled and stored in the absence of air due to the ease with which it 
reacts with O2. The figure below shows the chemical structure of cobaltocene. Note that it is a 
metallocene and as such, stable up to high temperatures[13].
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Fig. 12: Chemical structure of the reductant cobaltocene

We were unable to dope the BBL polymer presented above with this molecule. It is hard to speculate 
about the reasons for that failure as the experiments were conducted early on. We believe that PCBM 
could be doped with cobaltocene.

2.4.2 AOB

The second reductant to be used was acridine orange base (AOB). It is a bright yellow powder that was 
obtained from Dr. Li at IFM/LiU. It needed to be kept out of direct light exposure to avoid its 
ionization to AOBH+, as the transfer of electrons is activated by light for this reductant. Reported C60 

conductivities when doped with AOB is in the 10-2 S.cm-1 range[14]. The AOB was coevaporated with 
the fullerene to achieve such conductivities. 

Below is a schematic representation of the chemical structure of AOB.

Fig. 13: Chemical structure of the reductant AOB

It was dissolved in a variety of solvents to see which ones mixes well with 1,2-Dichlorobenzene. It 

16



turned out that AOB was highly soluble in just about every solvent tried. 

In a later chapter, we show absorption spectra of AOB non-activated by light, alongside absorption 
spectra of PCBM and a mixture upon which light is shone, to prove that doping does indeed occur. 
However, we could not determine with any amount of certainty the wavelengths at which the activation 
happens. Because of that, we moved on to consider yet another doping agent. It is presented in the 
following section.

2.4.3 TDAE

Tetrakisdimethylaminoethylene (TDAE) is a potent reductant[15] which vapor was used as a reductant. 
The compound was already investigated by people at ITN/LiU so we knew what to expect in terms of 
setup. The figure below shows the chemical structure of TDAE[10]

Fig. 14: Chemical structure of the reductant TDAE
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3 THERMOELECTRIC EFFECT

3.1 TEMPERATURE MEASUREMENTS

3.1.1 A brief history

The first historically recorded use of a thermometer was from Ibn Sina in the 11th century where he 
measures variations of air temperature[16]. Galileo, five centuries later, makes a device that exploits 
the principle of buoyancy to measure changes of temperature. It is known as the Galileo thermometer 
or thermoscope[17].

Surprisingly, it was as late as the 18th century that mankind sought to create and develop precision 
instruments and scales to practically measure temperature. In 1701, Rømer used red wine to make what 
is commonly thought to be the first practical thermometer. A dozen years later, Fahrenheit improves it 
and gets credited with the invention of the mercury-in-glass thermometer. Ten more years will pass 
before he proposes the Fahrenheit scale which is still in use in a couple of SI-unfriendly countries. In 
1744, Linnæus suggests reversing the Celsius scale so that 0 represented the freezing point of water 
(273.15 K) and 100 represented the boiling point (373.15 K)[18]. This scale ended up being the most 
widely used worldwide and was named after Celsius.
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In 1821, Seebeck discovers his eponymous effect (described in section 3.2; The Thermoelectric effect) 
that led to the invention of the thermocouple. Half a century later, Siemens first describes the principle 
behind the resistance thermometer at the Royal Society of Great Britain. Today, these temperature 
detectors are slowly replacing thermocouples in industrial applications below 600°C. Although the 
underlying science for thermography was discovered in the 19th and first half of the 20th century, IR 
cameras and pyrometers weren't developed until electro-optical and signal processing techniques 
matured.

3.1.2 Comparison of temperature measurement techniques

Thermography offers a few advantages over other techniques. It is non-destructive and offers a more 
complete picture of how temperature changes over a particular area. On the other hand, differing 
emissivities and reflections make accurate readings harder to achieve with this technique. Also, the 
hardware's high cost can be prohibitive.

Thermocouples are simple electrical devices that can generate a current proportional to the amount of 
heat it is exposed to. Essentially, it is a junction between two different metals that produces a voltage 
related to a temperature difference. Temperature measurements acquired with thermocouples have more 
sensitivity than thermal imagery. The problem with thermocouples, is the spherical shape of the 
junction between the two metals that make stable contacts hard to achieve. In our project, we relied on 
both measuring techniques: thermocouples and thermography to achieve the most accurate results 
possible.

3.1.3 Thermography

The infrared portion of the electromagnetic spectrum wasn't even suspected until 200 years ago. The 
discovery was largely accidental when Sir William Herschel, Royal Astronomer to King George III, 
was searching for a new optical material in 1800[19]. The first thermography was made possible in 
1840 by the work of Sir John Herschel, son of Sir William. Based upon the differential evaporation of 
oil by focusing a heat pattern on it, the “heat picture” could be seen by reflected light from the 
evaporated oil. It was primitively captured on paper and aptly named a “thermograph”. Other major 
breakthroughs that led to modern thermography were the bolometer, liquefied gases as cooling agents 
and finally, the transistor.

The principle behind thermography is quite simple: Power transfer takes place according to the Second 
Law of Thermodynamics if an object is radiating at a higher temperature than its surrounding. The 
radiation emitted from the object will be absorbed by the colder surrounding objects. Then, a series of 
pictures is taken by the camera and mathematical algorithms are applied to calculate the temperatures 
according to different properties. The first and probably most important of which, is the emissivity 
which represent an object's ability to emit or absorb radiation. A true Black Body has a theoretical 
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emissivity of 1. Other properties include air moisture, the distance from the lens of the camera, 
temperature of the surroundings, etc.

The thermocamera we used is a FLIR A325 (previously known as the A320-G). Below is a picture of 
the device[20].

Fig. 15: Picture of the FLIR Systems A325 thermocamera

Images from the device are extracted through a gigaethernet cable to a computer. On the latter, the 
ThermaCAM  Researcher Pro software, through a series of mathematical formulas, provides digital 
images of temperature differences.

3.1.4 Thermocouples

Thermocouples are used to measure temperature because of the generated current proportional to the 
amount of heat it is exposed to. The junction between two different metals produces a voltage related to 
the temperature difference.

We used a type K thermocouple – the most common – that is made from a joining chromel (and alloy 
of 90% nickel, 10% chromium) and alumel (typically 95% nickel, 2% manganese, 2% aluminium and 
1% silicon). It has a large operating range of temperatures, from - 200 °C to +1350 °C. It has also very 
good sensitivity for a thermocouple that isn't made out of noble materials.

We tried to devise a thermocouple made out of chromium and gold. The thermocouple was supposed to 
be incorporated into the substrates we used to measure electrical conductivities of the materials. The 
idea was to exploit the evaporated material to make the measuring electrodes (the necessity of which is 
made clear in Chapter 4) in order to build an in-situ thermocouple and heating element. Below is a 
schematic representation (almost to scale) of the mask used to build it. The zigzagging pattern block on 
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the left represents the heating element. Immediately to its right, the first two long-running electrodes 
represent one such thermocouple. The two inner electrodes are used exclusively for the electrical 
conductivity measurements, and the rightmost pair of electrodes constitute another thermocouple.

Fig. 16: Schematic of the mask used to evaporate the measurement substrates

The different colors represent different evaporated metals. In practice, the thermocouples are joined by 
making a little incision at the mask's junction using a cutter so that the metals overlap.

However, because of the limited number of probes on the measurement station (cryoprobe station, 
which is introduced in chapter 4), the idea of using this in-situ thermocouple was dropped in favor of 
thermography and a classical K type thermocouple. 

3.2 THE THERMOELECTRIC EFFECT

3.2.1 History

The thermoelectric effect traditionally encompasses the Seebeck effect, the Peltier effect, and the 
Thomson effect. In this discussion, we restrict its meaning to the Seebeck effect.

The discovery of the Seebeck effect is attributed to Thomas Johann Seebeck (1770-1831), but his real 
contributions to the field isn't always made clear. Seebeck worked at the University of Berlin on the 
magnetization of iron and steel when electrical currents were passed through conductors. Upon 
returning to his Estonian homeland in the 1820s, he started searching experimentally for a possible 
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relationship between temperature difference and electricity. In 1821, he accidentally discovered that 
when two junctions were formed by two different metals (in this case, copper and bismuth), heating 
one end would create a magnetic field. He called the phenomenon thermomagnetism, and would 
wrongly hypothesize that the Earth's magnetic field is produced by the temperature difference between 
the equator and the poles. He attacks scientists whom suggest that the magnetic field created from those 
copper and bismuth junctions is due to an electrical current. He fails however, to explain why there is 
no magnetic field when breaking the circuit by thermally-conducting, electrically-insulating 
materials[21]

From then on, thanks to Danish physicist Ørsted, the induced electrical current from the temperature 
difference, as a physical explanation for the magnetism became consensus within the scientific 
community. That would consequently lead to the development of thermocouples, among other things.

3.2.2 Seebeck coefficient

As discussed previously, the presence of a temperature difference between two junctions made of 
dissimilar metals creates an electric field in the opposite direction. In the figure below, it is assumed 
that the junctions are held at two different temperatures (i.e: T1 is different from T2). The voltage can be 
modeled as the sum of the difference between Seebeck coefficients from T1 to T2. And consequently, the 
Seebeck coefficient (sometimes abusively called thermopower) can be defined as the measure of the 
magnitude of the induced voltage in response to the difference between T1 and T2.

Fig. 17: Simple schematic to illustrate the Seebeck effect

From a classical physics point of view, the charge carriers diffuse from the hot to the cold junction. The 
charges leave behind the oppositely charged nuclei, and at some point, the migration ceases (since the 
charges splitting create an electric field too). When the electric field is at equilibrium, the drift 
phenomenon occurs, taking back some of the charge carriers to the hot side.
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Assuming the relationship between voltage and temperature is linear, the equation for the Seebeck 
coefficient, which we tried to measure for a number of materials, is:

The Seebeck effect is due largely to the difference in Fermi energy between the two materials (in this 
case, metal A and metal B)[22].

3.2.3 Figure of merit

One important property of materials in this domain is the thermoelectric figure of merit, Z. It is 
proportional with the electrical conductivity and the Seebeck coefficient, as well as inversely 
proportional to the thermal conductivity following the equation below: 

The greater the figure of merit, the greater the thermodynamic efficiency.

This figure of merit has unit 1/K. One usually also computes the dimensionless figure of merit ZT, 
which is a product of Z with the temperature at which it is determined.
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4 CHARACTERIZATION OF THE MATERIALS

This section represents the core of the diploma work. We present the apparatus and methodology used 
to measure and calculate the different physical properties. We also explain how the materials were 
doped, as well as describe the assumptions and approximations that were made.

The properties we focus on are electrical conductivity, thermoelectric power and figure of merit. 
Materials studied are PCBM (doped with AOB and TDAE) and PEDOT (doped with TDAE). We first 
present the experimental apparatus used to measure the physical properties above.

4.1 EXPERIMENTAL APPARATUS

4.1.1 Electrical conductivity

The first property that was measured is the electrical conductivity. That is, the material's ability to 
conduct electrical current. It relates the current density (J) to the electrical field strength (E) in the 
following manner.
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The four-point probe method is a tried-and-true method to measure electrical conductivity without 
having to take contact resistance into account[23]. It consists of four terminals in contact with the 
material. Current is forced through the outer terminals, and voltage is measured on the inner ones. The 
figure below represents a schematic of the method[24].

Fig. 18: Schematic representation of the four-point probe method

In the case of TDAE-doped PCBM, the four-point probe method failed to record consistent voltage 
variations. We therefore decided the cruder two-point method, where conductivity is directly inferred 
from resistance measurement. 

In both cases, we used the inner electrodes in the model presented in figure 16 (and reproduced below 
in a smaller scale), to act as our probes. Different distances between the electrodes ranging from 
1000µm to 250µm (with 100µm decrements) were used. The larger areas at the top and bottom of the 
figure represent the contact areas. These were always thoroughly cleaned prior to taking measurements.

Fig. 19: Schematic of the mask used to evaporate the measurement substrates
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The zigzagging black line on the left  was incorporated as a heating element.

4.1.2 Heating elements

To obtain a temperature gradient along the channel between the electrodes we tried to use the heater 
described above. This in situ heater was made out of a half meter long 500µm thin aluminum wire. It 
heats up to over 200°C with a current of 0.1A at room temperature. We tested it in combination with a 
cooling device (Peltier element) to see how large a temperature gradient we can get across the 
aforementioned channel. The figure below shows an IR radiation picture taken with the thermocamera.

Fig. 20: Thermoimage of the heater with a 0.1A current applied

From the reading on the linear cursor L01, we can see that the temperature gradient obtained on the 
channel itself is of the order of 1-2°C. That's very good considering that the substrate was elevated and 
not in direct contact with the Peltier element. 

In the following section, we describe the procedure of metal evaporation to get the heater and 
electrodes described here and in the previous section.
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4.1.3 Vacuum chamber evaporation

The electrodes were evaporated using vacuum deposition. Two different metals were tried: aluminum 
(Al) and gold (Au). The Au electrodes were privileged as Al has a tendency to oxidize. 

The vacuum deposition was performed in a Balzers BA 510 evaporator. The first boat was loaded with 
a few pellets of Chromium (Cr) and the second with one pellet of Au or Al. After pumping down the 
chamber to less that 10-5 bars, the electrodes around the loading boats were slowly fired up starting with 
the Cr one. Chromium was used to improve gold adhesion on the glass substrate. While turning down 
the current on this one, the Au boat was started. That's to ensure a layer where both Cr and Au mix.

As the crystal monitor was defective, we had to rely on applied current and exposure time to achieve 
the desired thicknesses. The current used for Cr was 2A and it was applied for about 5 minutes while 
observing the boat and substrate from the evaporator's see-through glass. For Au, a current of 4.5A was 
applied for a little under 10 minutes.

Below is a picture of the Balzers BA 510 evaporator that was used to deposit the metals on our 
substrate[25].

Fig. 21: Picture of the Balzers BA 510 evaporator

Because of the relatively small features of our mask and the non-functioning crystal monitors, we had 
to do several depositions. Also, the chamber has minute leakage which meant vacuuming time usually 
took up to a full day or night.
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4.1.4 Cryogenic probe station

The measurements were first carried out in nitrogen-filled glovebags, then in the cryogenic probe 
station. The probe station we used is a Janis Cryogenics model ST-4LF-2MW-2-CX with a standard 
turbo pump. It was adapted with a special IR transparent zinc-selenide (ZnSe) glass window.

We experimented with the ZnSe glass and noticed a discrepancy between the temperature measured by 
the thermocamera with and without it. Luckily, it turned out that this only concerns absolute 
temperatures and that the temperature difference is unaffected.

The station has 4 probes which can be moved three-dimensionally. These are hooked to the measuring 
device through coaxial cables to reduce noise. The tips are gold plated to ensure good conductivity. The 
chamber of the probe station is cooled with liquid nitrogen, and it is equipped with two sensors to see 
the evolution of temperature inside. One is placed on the support mount (chuck) while the other is 
closer to the nitrogen entry. The minimum temperature achieved was around -193Co when the chamber 
is pumped down.

Below is a picture of the Janis Cryostation.

Fig. 22: Picture of the Janis ST-4LF-2MW-2-CX cryogenic probe station

4.1.5 Current and voltage measurements

To measure the current and voltage in the four-point probe method, we used a Keithley 2400 
sourcemeter. A sourcemeter is a combination of a power source and multimeter. It can output a 
potential (or current), and read the current (or potential) simultaneously[25].

For the Seebeck coefficient measurements, a nanovoltmeter was used. The Keithely 2182A minimizes 
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DC drift and noise common to low voltage measurements with rapid measurement speeds. It can 
measure 15nV peak-to-peak at one-second response time[26]. Following the instructions manual, the 
machine was allowed to warm up for a couple of hours (supposedly, to ensure the different components 
of the internal circuitry to reach a common temperature), and special crocodile connectors made out of 
cooper were used.

A LabView program was used to record variations of temperature over 10 minutes for every sample. 
This was done to make sure any fluctuations are averaged out. The nanovoltmeter was connected to the 
computer with two IEEE-488 cables (commonly called GPIB) in parallel, because the computer we 
used was quite far from the cryogenic probe station.

4.2 ELECTRICAL AND THERMOELECTRICAL MEASUREMENTS

4.2.1 Conductivity of PCBM

We first started by  dissolving the PCBM in 1,2-Dichlorobenzene. This solvent was chosen because it 
can dissolve fullerene derivatives at fairly large concentrations (up to 20mg/ml). That is, one order of 
magnitude larger than what can be dissolved in aromatics such as toluene, and two orders of magnitude 
more than the concentrations that can be reached using chloroform. The downside being 1,2-
Dichlorobenzene's high boiling point.

The obtained solution, as described previously, exhibited poor wettability and hydrophobic tendencies. 
So, we added to 10% by volume of Diethyl Carbonate (DEC) to improve wettability. After a number of 
trials, we were able to determined the best spinning speed  and time (1500rpm for about10 seconds) for 
smooth homogeneous films.

However, spin-coating on the actual measurement electrodes was not feasible, as the solution spread all 
over the contacts. Protecting the latter with tape was tried with very limited success. The metal contacts 
get stuck to the glue and easily lifted off when the tape is removed. Because of that, drop-casting is the 
only method we used. We proceed to dope the PCBM. First with AOB, then with TDAE.

AOB was investigated as a potential doping agent. It was dissolved in a variety of solvents to see which 
ones mixes well with 1,2-Dichlorobenzene. AOB was found to be highly soluble in every solvent tried. 
The solution was then spin-coated on thoroughly cleaned glass substrates (water, isopropanol and 
acetone ultrasonic cleaning) at around 1000rpm for 10 seconds. 

A PerkinElmer Lambda 900 UV/VIS/NIR spectrometer was then used to see at what wavelengths AOB 
absorbs radiation. The idea was to check for eventual new peaks when mixing the two compounds, 
which would suggest a change of state -- and therefore a doping of the PCBM. The green curve in 
figure 23 corresponds to the absorption spectrum of AOB dissolved in ethanol. The blue one is that of 
PCBM dissolved in 1,2-Dichlorobenzene and DEC, and the red one corresponds to the mixture. As 
ethanol is immiscible in 1,2-Dichlorobenzene, the mixture was made in pure 1,2-Dichlorobenzene. 
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The AOB curve corresponds to that found in the literature[27] and our theoretical predictions based on 
the color of the solution. 

The peaks of the PCBM film follow those provided by the supplier. The mixture, however, appeared to 
be a mere superposition of the two curves, leading us to conclude that no reaction took place. That is 
true to the extent that the mixing was done in the presence of oxygen. It should come as no surprise as 
most electron carrying organic materials fail in air. Mixing the two materials in a nitrogen filled 
glovebag and casting it on the electrodes make the isolating pristine PCBM conduct. 

Note that the samples were irradiated with two different lamps before conduction was noticed, and that 
all subsequent measurements are assumed to be done in dark conditions to avoid getting any form of 
photocurrent.

Fig. 23: Absorption spectra of AOB, PCBM and the mixture of both

The resulting I-V curve is shown in the figure below:

Fig. 24: I-V curve for the AOB doped fullerene in inert atmosphere
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A basic linear fitting of the plot gives a resistance of about 14.33 MΩ. Clearly, it exceeds that of the 
measurement contacts so there is not much rationale for the four-point probe measurement method. 
Conductivity is then derived using the formula: σ = 1/ρ = L / (R * A) 

The film covered electrode length is roughly 67mm. The thickness was determined using a Dektak 3 
profilometer and was found to be in the order of 100nm. The channel length, as described earlier, is 
250µm. The conductivity is calculated as 1.9x10-4 S cm-1. We tried depositing a thicker metal electrode 
layer, cleaning the contacts more thoroughly, and tweaking the AOB ratio to improve the conductivity 
with little success.

It's worth noting at this point that the channel length's features are far from sharp as can be seen with 
the microscope on the following figure. Nonetheless, we assume that the defects average out to a 
channel of 250µm overall. Note also that the obtained film is quite homogeneous (the dark spot is 
smudge on the microscope's lens). The outer stripes represent the metal electrodes.

 Fig. 25: Close-up of the channel magnified 20 times

AOB proved to be an unstable dopant. We theorize that the results change due to artificial lighting and 
the distance at which the sample is irradiated by the UV lamp. Because of this instability in the results, 
we decided to focus on TDAE as a doping agent.

TDAE is a potent reductant which vapor was used to dope the modified fullerene films. A couple of 
drops of liquid  TDAE were put in a bottle in inert atmosphere, and tightly closed. The samples were 
firmly stuck with regular tape on the bottle's lid from the inside, which ensured that the TDAE vapor 
permeates our film. Sample A was left for 5 minutes whereas sample B was left for twice as long. The 
I-V curves are shown below and conductivities were extracted in the same manner as in the previous 
subsection.
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 Fig. 26: I-V curve for PCBM exposed to TDAE vapor for 5mns. (sample A)

Fig. 27: I-V curve for [C61]-PCBM exposed to TDAE vapor for 20mns. (sample B)

Conductivity for sample A (5 minutes exposure) is found to be 1.2x10-4 S cm-1. Sample B (20 minutes 
exposure) gives 1.6x10-3 S cm-1. The order of magnitude difference can probably be attributed to the 
fact that we used a rather large bottle where the dopant takes some time to diffuse. A sample that was 
exposed to the TDAE for 60 minutes exhibited higher conductivity but the results were not 
reproducible. 

The I-V curve for sample A is reminiscent of a logarithmic shape (conductivity decreasing as current is 
raised). It was first believed that the sample was heating up causing the material's conductivity to 
decrease -- a typical semiconductor behavior. Upon further investigation that involved monitoring the 
temperature of the sample, it became clear that this was not the case. Besides, at such current levels 
(0.1µA), any generated heat would be negligible.

Another test was done by directly casting a TDAE drop on the PCBM film. Conductivity has almost 
doubled compared to sample B. That is, the calculated conductivity was 2.7x10-3 S cm-1. The I-V curve 
is shown in the figure below.
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Fig. 28: I-V curve for PCBM with a drop of TDAE on top

Although the sample was allowed ample time to dry next to the glovebag's nitrogen inlet, we could not 
categorically rule out the fact that TDAE in its liquid form is not contributing to this conductivity.

The TDAE doped samples were then taken out of the bag for 60 seconds and put back for 
measurements. The current pushed through the electrodes becomes unstable and resistance increased 
dramatically. So, the film oxidizes in under a minute. 

4.2.2 Seebeck coefficient of TDAE doped PCBM

This part of the project was the most time-consuming because it involved doping the PCBM samples 
inside the cryogenic probe station. The doping agent we used was TDAE which is volatile, pungent and 
toxic.

The PCBM was deposited on the electrodes in a fume hood and then transferred to the cryostation's 
chamber. The samples were glued to the lid of an air-tight bottle where a drop of dopant is cast. We also 
put inside the chamber all the material necessary for doping the PCBM and fixating the samples onto 
the station's chuck. The following is a list of everything we put in the chamber: 

• PCBM-covered electrodes attached to a lid, 

• Tape to reattach it after the measurement is conducted (because we tried different exposure 
times), 

• Tweezers to handle the sample after doping, 

• TDAE bottle, 

• An empty bottle where the doping would take place, 
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• Pipettes, 

• Wiper to clean any spillage from the pipette, 

• Thermal paste (Dupont Kryotox) to get good thermal conduction between the cold chuck and 
the sample, 

• Holders and screws to fix the sample tightly on the chuck.

• Screwdriver.

After this, a glovebag was tightly attached onto the opening of the cryostation's chamber with double-
sided tape and a pull-tight seal. The glovebag was connected to a nitrogen inlet fitted with a fine-tuning 
valve.

Once everything is in place, we open the nitrogen influx and let the inside of the glovebag get 
ventilated  for about half and hour. That is to ensure all the oxygen inside the cryostation gets flushed 
away. Then, we decrease the nitrogen influx so that as little TDAE vapor escapes the cryostation as 
possible. There was no proper air evacuation in the cleanroom's open area, which is why we needed to 
decrease the nitrogen influx. After this, A drop of TDAE is deposited in the bottle and  immediately 
covered with the lid to which the sample is attached. It gets doped by the vapor for a certain amount of 
time, then removed from the lid (which is immediately put back on the bottle to prevent more TDAE 
from escaping) and allowed to dry next to the nitrogen influx for a few seconds. A tiny amount of 
thermal paste is then applied onto the area of the chuck which is always in contact with the sample, and 
the latter is firmly screwed onto the former with the sample holders and screws. Finally, the 
cryostation's lid is put back on and lightly screwed. The pump is started at this stage, which sucks down 
the cryostation's lid a little. Then the screws are tightened some more, and the whole system is left 
pumping for a couple of hours. 

When the pressure is considered suitably low (around 10-6 Torr), the pump is stopped and the valves are 
shut. The nitrogen nozzle is then inserted into the cryostation, and its valve is open. The temperature 
inside the chamber decreases gradually and we can observe that using the cryostation's temperature 
sensors or simply the thermocamera (in which case, the glovebag needs to be removed). While the 
temperature drops, we carefully move the probes onto the sample's contacts. This can be tricky because 
the cryostation is mounted on pneumatic springs, and moving one probe with the crank handle tends to 
disturb the system enough that the other probes are moved as well. The chuck has a hole in the middle 
which we exploit to increase the temperature gradient. Once the temperature stabilizes around -193 Co, 
we turn on the heater's current source to around 0.2A to heat the side of the sample that's not in direct 
contact with the chuck. We then wait for about fifteen minutes for the temperature to settle, before 
starting the measurements.

Next, the probes are checked a last time before running the Keithley 2182A nanovoltmeter. The latter is 
allowed to warm up for at least two hours and is always calibrated before use. And as described in the 
previous chapter, the coaxial cables from the cryostation are connected to the nanovoltmeter using the 
special cooper crocodile connectors. The output from the nanovoltmeter was recorded through a GPIB 
interface.

Unfortunately, there was barely any potential across the channel. Upon further investigation, we found 
out that there was no conductivity either, even when using a two probe setup. Suspecting the worn out 
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glovebag let in too much oxygen through punctures, we tried repairing them with regular tape but to no 
avail. We repeated the experiment several times, and ordered a new glovebags to see if the conductivity 
would improve.

Meanwhile, Olga Bubnova, a Ph. D. student in the OrgEl group reported very high conductivity on a 
PEDOT she synthesized. It was then decided to put the PCBM experiments on hold and focus our 
attention on verifying those results and study the thermoelectric properties of this PEDOT. The next 
section describes those steps in detail.

4.2.3 TDAE doped PEDOT

The first step was to check whether the reported conductivity (1000 S cm-1) was correct. For that 
purpose, we polymerized EDOT ourselves following Olga's instructions and under her supervision. We 
used a commercial hydroxymethyl EDOT (97% purity)[10] with iron tosylate and pyridine in a 1:1.5 
ratio. Pyridine is used to slow down the chemical reaction's rate.

Immediately after mixing, the solution was spin-coated on our substrates for ten seconds at 1000rpm, 
then twenty seconds at 2000rpm. The samples are then annealed for ten minutes, and finally rinsed to 
remove the excess iron. The rinsing should be done gently as the film can detach very easily from the 
glass surface. The best way was to just dip the sample in still water and gently move it around using a 
pair of tweezers. The samples are then left to dry in the oven for a ten more minutes before they are 
ready for measurements.

Because PEDOT is a fairly conductive material, we used the four-point probe method described in the 
previous chapter. 

4.2.3.1 CONDUCTIVITY OF THE PEDOT

For a freshly polymerized EDOT, spin-coated on a four-electrodes substrate (the inner ones being at a 
1000µm distance of each other), the I-V curve is shown below. The measurements were taken in the 
cryostation at a pressure of 10-6.
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Fig. 29: I-V curve for a pristine PEDOT sample

The length of the area covered by the electrodes is the same as before, so 67mm. The thickness of the 
spin-coated PEDOT was measured with the Dektak 3 profilometer and found to be 80µm. The slope of 
the curve is then extracted by a linear fit, and conductivity is calculated with the same equation as for 
the previous subsection, using the equation σ  = L / (R * A). The conductivity of our pristine PEDOT 
was found to be 280 S.cm-1. This conductivity is a few percentage points lower than when measured out 
of the cryostation. The quasi-absence of oxygen in the low-pressure probe station means slightly less 
oxidation, and therefore available electron-holes (less p-doping)[28].

The sample was then taken out of the cryostation and exposed to TDAE vapor in inert atmosphere for 
10 seconds, which gave the exact same I-V curve as the pristine PEDOT. The experiment was repeated 
for 20 seconds (a total TDAE exposure of 30 seconds), and 15 more (totaling 45 seconds) with the 
same results. However, around the one minute mark, we were able to see a difference. Below is the I-V 
curve for this PEDOT, as measured inside the cryostation and with the same electrodes as before.

Fig. 30: I-V curve for a PEDOT sample after 1 minute exposure to TDAE

The calculated conductivity is found to be 275 S.cm-1 which means the PEDOT started to get dedoped 
by  the TDAE. Putting the sample for 4 more minutes (so, 5 minutes exposure to the reductant) gives 
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the following I-V curve for a conductivity of 167 S.cm-1. 

Fig. 31: I-V curve for a PEDOT sample after 5 minutes exposure to TDAE

Repeating the procedure for 5 more minutes, we see further drops in conductivity. Below is the I-V 
curve for the PEDOT after 10 minutes in the TDAE bottle.

Fig. 32: I-V curve for a PEDOT sample after 10 minutes exposure to TDAE

The conductivity at this point becomes 67 S.cm-1. 

The sample that is exposed for 15 minutes is barely conductive. From the I-V curve below, we calculate 
the conductivity at 1.4x10-5  S.cm-1.
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Fig. 33: I-V curve for a PEDOT sample after 15 minutes exposure to TDAE

The decrease in conductivity versus time is shown in the curve below on a semilogarithmic scale. We 
can see that after 10 minutes of TDAE exposure, the conductivity drops dramatically and all but 
disappears at 15 minutes. Ideally, more points should have been recorded in the 10-15 minutes range to 
see how the conductivity devolves. The linearity of the portion of the graph from 600 to 900 seconds is 
due to the fact that we have recorded two points only.

Fig. 34: PEDOT conductivity versus time of exposure to TDAE

4.2.3.2 SEEBECK COEFFICIENT OF THE PEDOT

Next, we measured the Seebeck coefficient for PEDOT while varying exposure time to TDAE. The 
procedure used was simpler than the one for PCBM described in the previous section since PEDOT is 
much more stable in normal atmospheric conditions. Nonetheless, the exposure to TDAE needed to be 
performed in a nitrogen-filled glovebag. On the bright side, the operation was conducted inside a fume 
hood so the toxic vapors weren't an issue. At any rate, the procedure to measure the Seebeck coefficient 
can be replicated to measure that of PEDOT. That is, a thin layer of Kryotox thermal paste is laid on the 
cryostation's chuck and the sample is firmly attached onto the latter with sample holders and screws. 
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The cryostation's chamber is then pumped down, until the pressure is low enough to avoid 
condensation. The probes are placed on the four connections required for the four-probe conductivity 
measurement technique. Subsequently, liquid nitrogen is introduced to cool down the chuck. And 
finally, the LabView program reading temperatures from the nanovoltmeter is started.

We record the voltage and temperature for about ten minutes (300 data points), then we change the 
polarity of the voltage probes and record for another ten minutes. After this, the data are parsed to 
remove LabView's trailing characters as well as any outliers that fit Chauvenet's criterion. For each 
dedoping level, the arithmetic mean is calculated for both polarities. They are then compared for 
consistency (i.e: that one is the negative value of the other), which was roughly the case for all points. 
The results for the voltages for each experiment are summarized in the table below.

Sample exposure time to reductant (in minutes) Average voltage (Volts)

0 9x10-5

1 1.1x10-4

5 1.7x10-4

10 2.3x10-4

15 8x10-2

The temperature measurements proved to be a trickier endeavor. Since the thermocamera can't go lower 
than -40 Co, and because the emissivity of our substrate is high, it was decided to measure the 
temperatures directly on the sample using thermocouples. 

A special high-strength adhesive tape (Scotch 300LSE Hi-Strength) was used to ensure maximum 
contact between the thermocouple's head and the substrate. The spherical geometry of the 
thermocouple's head meant it only touches the substrate on a very small area. Some Dupont Kryotox 
thermal paste was lathered on top of it to increase the effective contact area. The gap in the middle of 
the cryostation's chuck was used in order to improve the temperature gradient, as previously noted. The 
electrode with the highest temperature point was put in that gap. The "cold electrode", on the other 
hand, was held firmly in contact with the chuck with the high-strength tape and a layer of Dupont's 
Kryotox. The cryostat's sample holders were used to tighten the substrate on the chuck with screws. We 
then pumped down the chamber before cooling it down and recording the temperatures. With the heater 
off, the thermocouple closest to the gap gave -23.7 Co. The other side was at -26.7 Co. The cryogenic 
station internal temperature sensor showed around -193 Co. 

When the heater is turned on, the thermocouple closest to the gap (closest to the heater) was at -3.3Co 

while the other side showed -18.2Co. Such a 15 Co temperature difference is not realistic considering 
the channel is 1mm and the heater is not in direct contact with the sample.
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We therefore decided to rely exclusively on thermographic images of the substrate. The cryostation's 
chamber was fitted with the zinc-selenide window described in section 4.1.4. And adjusted in a way to 
minimize reflections. A series of pictures were shot periodically throughout the ten minutes it took for 
the 300 voltage measurement data points. They were then checked for consistency, and finally analyzed 
for the temperature gradient across the channel.

The picture below shows the way the temperature gradient can be found. We used both spot-meters and 
cursors in the ThermaCAM software.

Fig. 35: Analysis of an IR image of the sample inside the cryostation

The results were consistent for each set of pictures and throughout the whole experiment (around 2 Co 

or 2 K temperature gradient).

The Seebeck coefficients for each doping level are shown below.

Sample exposure time to reductant (in minutes) Seebeck coefficient (µV/K)

0 45

1 55

5 85

10 115

15 40000

40



Ignoring the last value, the Seebeck coefficient is linearly related with the time of exposure as shown in 
the figure below. Plotting the data on a logarithmic scale for the Seebeck coefficient would seem more 
appropriate considering the nature of the chemical reaction. But for our limited data points, we could 
see that the linear model works best in comparison with a semi-logarithmic plot.

Fig. 36: Seebeck coefficient versus time of exposure to the reductant

4.2.3.3 SPECTROSCOPY OF THE REDUCED PEDOT

To show that a chemical reaction took place when exposing the PEDOT to the TDAE vapor, we took 
spectra of the sample with the PerkinElmer Lambda 900 UV/VIS/NIR spectrometer. First, for the 
pristine PEDOT. Then, after five, ten and fifteen minutes of exposure to TDAE. The spectroscopy 
graph is shown in the figure below. The bottom curve corresponds to the pristine sample.

Fig. 37: Seebeck coefficient versus time of exposure to the reductant
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The red curve is for the sample exposed to TDAE vapor for five minutes. The green one, for the sample 
exposed ten minutes. And the blue curve shows the spectrograph for the sample exposed for fifteen 
minutes.

We can see in the figure above a trend whereby longer exposure to TDAE shifts the spectra upwards. 
The PEDOT is destabilized as electrons are introduced into its LUMO level.  

Peaks start to appear in the higher-wavelength visible spectrum region, which is in accordance with 
PEDOT's shift in color from sky blue transparent (in oxidized state) to a deeper blue upon reduction.

The following equations represent the reduction of PEDOT by singly and doubly charged TDAE 
respectively[29].

PEDOT + TDAE → PEDOT - TDAE+

2PEDOT + TDAE → (2PEDOT -)TDAE2+

Similar studies on the reduction of PEDOT:PSS concluded that the peaks stem from a transformation of 
positive bipolarons to polarons via electron transfer from TDAE[30].

4.2.3.4 FIGURE OF MERIT FOR THE REDUCED PEDOT

The rationale for optimizing the figure of merit for each level of PEDOT derives from the inverse 
relationship between the Seebeck coefficient and electrical conductivity as shown above (from figure 
36 and figure 34). 

The figure of merit can be computed in the following manner.:

With λ being thermal conductivity. 

Below is a plot for the product of the Seebeck coefficient squared with the electrical conductivity (S2
versus time of exposure to TDAE. We can see that the product has a maximum for the sample that was 
exposed to TDAE vapor for 5 minutes. The figure of merit, along with the dimensionless figure of 
merit ZT, is therefore optimized at 5 minutes of exposure to TDAE for the PEDOT.
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Fig. 38: Product S2versus time of exposure to TDAE

Browsing the literature for PEDOT's thermal conductivity, one finds a recurring figure of 0.17 W.m-1.K-

1 for PEDOT:PSS[31]. We can use that to approximate the figure of merit: Z = 7.1x10-4 K-1.The 
dimensionless figure of merit is therefore ZT = 21x10-2. 

A theoretical limit for efficiency can be calculated using the following equation[32]: 

ղ=
T h−T c

T h

1ZT 0.5

T c /T h1ZT 0.5

Plugging in the values gives a theoretical limit of  ղ = 4.7 %. 
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5 CONCLUSIONS

The objective of this project was originally to study the thermoelectric properties of n-type organic 
materials. For that purpose, we had to find a way to dope them - which was done successfully. Being 
able to take measurements without destabilizing their doped state turned out to be much harder than 
anticipated. Because of that, we turned to p-type organic materials (PEDOT in our case) which are 
remarkably stable under normal atmospheric conditions.

We were able to demonstrate two methods of doping PCBM, with a photon-activated reductant known 
as AOB as well as with TDAE vapor. We also measured the doped PCBM's conductivity inside a 
glovebag, for different levels of doping. The Seebeck coefficient measurements were unsuccessful for 
this molecule because of its instability and the available equipment. 

We also polymerized EDOT, and measured the PEDOT's conductivity and Seebeck coefficient for 
different levels of dedoping with TDAE. The results were consistent and reproducible. 

The dimensionless figure of merit ZT was estimated using the PEDOT:PSS's reported thermal 
conductivity[31], and was found to be 0.21. That is almost an order of magnitude lower than the ZT 
value for bismuth telluride (Bi2Te3), which is the material of choice for thermoelectric applications at 
the time of this writing. For reference, Bi2Te3 has a ZT value around unity at room temperature. 
PEDOT is easily processable and printable, thus has a non-negligible advantage compared to traditional 
inorganic semiconductors as it drives production costs down. Nevertheless, the barrier of entry to 
thermoelectrical industry is not as prohibitive as that of silicon electronics industry. Therefore, it is 
unlikely that organic materials such as PEDOT will replace inorganic semiconductors (eg. Bi2Te3), but 
they might suit niche applications that require flexibility and environmental conformity. 
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Transport properties of this type of semiconductors depend on their structure (mostly grain size and 
shape, but also the characteristics of the contacts between them, structural defects, etc.) and purity 
(nature and concentration of impurities, adsorbed and adsorbed gases, etc.). We were able to observe 
electrical conductivity change with the manufacturing process, deposition technique and environmental 
conditions.

In retrospect, the cryogenic probe station is not adapted to taking thermoelectric measurements and 
should have been avoided for a conventional Peltier element plus heater couple. However, and for 
obvious reasons, this can not be safely done inside a glovebag.

PTCDI, BBL and of course PCBM all seem like prime candidates to make an all-organic thermoelectric 
device. These would constitute the n-leg of the device while an p-type organic material such as P3HT 
would make up the p-leg. The stability issue can be worked around by using the more robust high-
mobility polymers demonstrated recently[33] and commercialized by Polyera.
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6 APPENDIX

Exciton: A quasi-particle that's represented by the combination of an electron and a hole. Because the 
electrons carry a negative charge and hole carry a positive one, the exciton as a whole has no net 
electrical charge.

HOMO: Highest occupied molecular orbital.

LUMO: Lowest occupied molecular orbital.

Printed electronics: The technology that defines the printing of electronics on common media such as 
(e.g: paper, plastic or textile) using standard printing processes. 

Wavefunction: A function that is used in Schrödinger's equation. It is a mathematical tool to express 
coordinates of a particle in space. 

Born-Oppenheimer approximation: A ubiquitous approximation in quantum chemical calculations of 
molecular wavefunctions. In the simplest possible terms, it is the assumption that the electronic motion 
and the nuclear motion in molecules can be separated.

Bonding orbital: A stabilizing molecular orbital located between two nuclei.

Antibonding orbital: A destabilizing molecular orbital located between two nuclei.

Methyl radical: The hydrocarbon group -CH3.

Polymer: A macromolecule composed of repeating structural units.
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Oxidation: The loss of electrons.

Reduction: The gain of electrons.

SI: The International System of Units is the modern form of the metric system.

Emissivity: The ratio of energy radiated by a material to the energy radiated by a true black body at the 
same temperature.

Glovebag: A disposable glovebox.

Fume hood: A cupboard common to chemistry laboratories designed to limit a person's exposure to 
fumes.

Chauvenet's criterion: A rigorous criterion applied to rule out spurious outliers. For an N number of 
data, outliers can only be thrown away if the probability of obtaining their deviation from the mean is 
less than 1/2N.
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