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Abstract 
 
To supply the world’s energy consumption in the future researchers look for intelligent ways to use 
inexhaustible energy sources. For that purpose solar cells are widely researched, however the  achieved 
efficiencies are not very high yet. One inventive way of increasing the efficiency of a solar cell is to not 
only use the visible part of the sunlight but also the heat of the sunlight. This research concentrates on 
thermoelectric generators (TEGs). TEGs are devices that directly convert a temperature difference into 
electrical energy making use of the Peltier-Seebeck effect. The idea is that a solar cell that combines a 
solar system with a thermoelectric system could reach higher efficiencies than a common solar cell. 
 
The conductive polymer poly(3,4-ethylenedioxythiophene) poly(styrenesulphonate) or in short 
PEDOT:PSS is examined in this research. The Seebeck coefficient, the electrical conductivity and the 
thermal conductivity of this organic material are researched to determine a figure of merit for the use in 
a TEG. Measurements are performed on PEDOT:PSS solutions with different PEDOT to PSS ratios. A high 
boiling solvent (HBS) is used to enhance the conductivity of the PEDOT:PSS solutions. All measured 
samples are treated with a sulfuric acid solution (H2SO4) and subsequently measured again. The 
influence of this treatment on the material properties is determined. 
 
It was shown that adding a HBS in the PEDOT:PSS solutions improved the connectivity between PEDOT 
populated PSS filaments. This resulted in an enhancement in the electrical conductivity, but also in a 
decrease in the Seebeck coefficient. Treating the samples with a solution of H2SO4 caused the removal of 
almost all the insulating PSS from the PEDOT:PSS layer in the samples. The sulfuric acid treatment also 
increased the disorder of the system. This treatment resulted in an enhancement in both the 
conductivity and the Seebeck coefficient.  
 
The PEDOT:PSS solution with a PEDOT to PSS ratio of 2 to 5, after the treatment with a H2SO4 solution, 
showed the highest value of the power factor in the figure of merit   . With a Seebeck coefficient of 
          and an electrical conductivity of               it showed a power factor of 

                    . The thermal conductivity of the PEDOT:PSS solutions are not measured, but 
a description for the setup for these measurements is provided in this report.  
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(1) Introduction 
 
Solar light is mankind’s most important inexhaustible energy source. The annual energy input of solar 
irradiation on earth exceeds the world’s yearly energy consumption vastly. If only a fraction of this solar 
energy could be converted into electrical energy, the earth’s energy problem would be solved. For 
decades scientists are researching the application of solar cells. These photoelectric generators convert 
sunlight into electricity.  
 
The energy of the sunlight consists for 43% of visible light, 52% is infrared light and 5% is ultraviolet 
light.1 A common solar cell only uses the energy of the visible light of the sun. The research described in 
this report concentrates on the conversion of energy from the infrared part of the sunlight to electrical 
energy. These so called thermoelectric generators (TEGs) convert heat into electrical energy. 
 
The thermoelectric figure of merit    indicates the potential of a material for the use as a TEG. This 
figure of merit is determined by the electrical conductivity, the thermal conductivity and the Seebeck 
coefficient.2 The electrical and thermal conductivity are the ability of a material to conduct electricity 
and heat, respectively. The Seebeck coefficient is defined as the thermovoltage that arises when a 
temperature difference of one Kelvin is applied over a material.  
 
One very interesting organic semiconducting material that is long known in the field of organic 
electronics is poly(3,4-ethylenedioxythiophene) poly(styrenesulphonate) or in short PEDOT:PSS. The 
figure of merit of PEDOT:PSS is increasing in the recent years. Kim and Pipe achieved a figure of merit of 
        at room temperature.3 This is also the material that will be explored in the research that is 
described in this report. Different experiments are performed on PEDOT:PSS with as a goal to achieve a 
higher figure of merit   . 
 
Different solutions of PEDOT:PSS are used in this research. The ratio of PEDOT and PSS is varied. From 
each PEDOT:PSS solution another one is made which is processed with a high boiling solvent (HBS). Also 
all the samples that are measured are subsequently treated with a solution of sulfuric acid (H2SO4) and 
then measured again to determine the influence of this acid treatment on the electrical and thermal 
conductivity and the Seebeck coefficient. 
  



Bachelor project Max Scheepers 
 

2 
 

(2) Theory  
 
The figure of merit    indicates the degree in which a material is suited for the use in a TEG. This figure 
of merit is defined as shown in equation 2.1. Here   is the Seebeck coefficient,   the electrical 
conductivity and   the thermal conductivity of a material. This figure of merit can be calculated at a 
certain temperature  :2 

 

   
   

 
        (2.1) 

 
Measurements on the electrical conductivity, the Seebeck coefficient and the thermal conductivity will 
be described later in this report. This chapter gives a description and background of the theory on which 
this research is based. Firstly a more detailed description of the Peltier-Seebeck effect will be given and 
subsequently the electrical and thermal conductivity will be explained. The   -method that is used for 
measuring the thermal conductivity will be illustrated then. Also a description of PEDOT:PSS, the 
material that is investigated, will be given. Lastly a model for charge transport in disordered 
semiconductors will be explained. 
 
2.1 The Peltier-Seebeck effect 
The Peltier-Seebeck effect, or thermo-electric effect, deals with the conversion of a temperature 
difference into an electric voltage and vice versa.4 The Seebeck effect is the effect that when a 
temperature gradient is applied over a material, a voltage difference is induced. The Peltier effect on the 
other hand is the effect that a voltage difference applied over a material, induces an electronic current 
that carries a heat flow through the material. A schematic representation of the Seebeck effect and the 
Peltier effect is shown in figure 2.1a and 2.1c, respectively. These phenomena are applied in different 
applications. The cooler in a processor of a computer and the cooler in digital astronomy cameras work 
for instance on the basis of the Peltier effect. The Seebeck effect is the principle on which a 
thermocouple is based.  

 
Figure 2.1   Schematic image of (a) the Seebeck effect. (b) The Fermi-Dirac distribution and the occupied density of states (in 
grey) for the cold (left) and the hot side (right) of the material. (c) Schematic image of the Peltier effect. The white dots are 
charge carriers that also transport heat from one side to the other. Image taken from Ref. 6. 
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Applying a temperature difference    over a material in general generates a thermovoltage   . This is 
called the Seebeck effect. The Seebeck effect occurs due to the temperature dependence of the Fermi 
level in the used material.4 A material with a fixed concentration of electrons and a density of states 
(DOS) which is not constant will have a temperature dependent Fermi level. Figure 2.1b shows the 
Fermi-Dirac statistic for a material with an exponentially increasing DOS. If then a temperature 
difference is applied over this material, the Fermi level will be different at both ends of the material. This 
difference of the Fermi level in the material between the hot and the cold side can be measured as a 
thermovoltage. The Seebeck coefficient   of a material is defined as the voltage difference    that is 
induced by a temperature difference    divided by that temperature difference   . This is one of the 
three variables that determines the figure of merit    and can be calculated with equation 2.2: 
 

  
  

  
            (2.2) 

 
The Peltier effect is in principle the inverse of the Seebeck effect. A voltage difference is applied over a 
material whereby a current will flow through that material and the temperature of the material 
decreases on one side of the material and increases on the other side of the material. The charge 
carriers do not only transport charge but also heat, therefore a temperature difference arises in the 
material. The Peltier coefficient is defined as the heat carried per unit charge and can be calculated with 
equation 2.3. Here    is the Fermi energy,      is the conductivity at energy   and   is the elementary 
charge:5 

 

  
               

        
       (2.3) 

 
In the nineteenth century Lord Kelvin discovered that the Seebeck coefficient   and the Peltier 
coefficient   are related to each other by equation 2.4:6 

 

  
 

 
   

               

         
     (2.4) 

 
2.2 Electrical conductivity 
The second variable that influences the figure of merit    is the electrical conductivity  . Of the three 
variables that are measured in this research this one is easiest to measure. The electrical conductivity or 
just conductivity is related to the electrical resistance  , which is the variable that is actually measured. 
 
The electrical resistivity   of a material is a measure of how strong a material opposes the flow of 
electrical current. Conductors have a low electrical resistivity and isolators have a high electrical 
resistivity. The reason for this is that free charge carriers in conductors can flow through the material 
whereas in isolators the charge carriers are bound to the atoms. A material with an electrical resistivity 
 , a length   and a cross-sectional area   has a resistance   which can be calculated with equation 2.5: 
 

    
 

 
        (2.5) 

 
The resistance is not just a material property, because it also depends on the geometry of the sample. 
The material property that is related to the resistance is the electrical resistivity  . For the electrical 
conductivity an equivalent variable exists. The conductance   depends on the geometry of the sample 
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and the electrical conductivity   is the related material property. Equation 2.6 shows the relation 
between resistance and conductance: 
 

  
 

 
        (2.6) 

 
The material property   can be calculated when the resistance is measured and the geometry of the 
problem is known. The conductivity can now be calculated from the electrical resistivity by taking the 
inverse of that value, as shown equation 2.7: 
 

  
 

 
        (2.7) 

 
2.3 Thermal conductivity and the 3-Omega method 
The third ingredient for the figure of merit    is the thermal conductivity  . The thermal conductivity is 
the ability of a material to conduct heat. The thermal conductivity can be measured using the 3 omega 
method. The 3 omega method is a procedure for measuring a 3-omega signal, in this research a   -
voltage.7,8 In this section a description will be given about how this   -voltage arises. 
 
It is possible to measure the   -voltage over a sample in a four probe configuration as shown in figure 
2.2. This alignment consists a long electrode mounted on a sample. The two contacts are used for 
feeding an electrical current and to measure the voltage across a sample. Two conditions make this 
method different from a pure resistance measurement: 
 

 The material, typically a metal, between the voltage probes needs to allow temperature 
fluctuations. 

 The device needs to be maintained in a high vacuum and the whole setup needs to be heat-shielded 
to the substrate temperature. This is to minimize the radiant heat loss. 

 

 
Figure 2.2   Schematic representation of a one dimensional four probe configuration on a sample. 

 
The   omega method roughly works as follows: When an ac current of the form             (a   -
signal) is sent through a metal electrode mounted on a PEDOT:PSS sample, the power induced by this 
current is a   -signal. This power induces a temperature fluctuation in the electrode. Heat flows away 
from the electrode into the layer beneath the electrode. The temperature fluctuation in the Au 



Bachelor project Max Scheepers 
 

5 
 

electrode is influenced by the degree in which heat flows into the PEDOT:PSS layer. This is mainly 
influenced by the thermal conductivity of PEDOT:PSS. The temperature fluctuation in the electrode is 
coupled to the resistance of the electrode. The resistance, being temperature dependent, thereby 
fluctuates with a    frequency as well. Following Ohms law       the voltage over the electrode 
contains both a   - and a   -component. The latter can be used to determine the thermal 
conductivity. 

 
G. Cahill et al.7 derived an expression for the thermal conductivity   in terms of this   -voltage as 
represented in equation 2.8: 
 

  
      

  
  

 

                  

  

  
       (2.8) 

 
Here       and       are the   -voltage at frequencies    and    respectively,   is the length of the 

electrode,   the average resistance of the electrode and       is the calibrated temperature 
dependence of the resistance of the electrode. 
 
2.4 PEDOT:PSS 
The material where all the measurements are performed on is PEDOT:PSS. PEDOT:PSS is a blend of two 
polymers, PEDOT and PSS. It is an example of a  -conjugated system, a class of electronic materials 
made out of carbon.  -Conjugated materials can be used in optoelectronics.9 Optoelectronics deals with 
applications of electronic devices that source, detect or control light. For this purpose carbon materials 
need to be conductive or semiconductive. The conductivity is among other properties determined by 
how the carbon atoms are connected.  
 
Carbon has four valence atoms which means that it can maximally make four connections with other 
atoms. These covalent bonds are the result of the overlap of the electron orbitals of neighboring atoms. 
Two atoms share an electron to form this connection. Figure 2.3 shows the hybridized orbitals of 
carbon. These orbitals are linear combinations of   and   orbitals. Figure 2.3a shows the     
hybridization with four   orbitals with a mutual angle of 109.5 degrees. Figure 2.3b shows the     
hybridized orbital with three   orbitals in a plane with a mutual angle of 120 degrees and one single   
orbital perpendicular to that plane. This     hybridization is responsible for the charge conduction in  -
conjugated materials. 
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Figure 2.3   (a) The     hybridized orbital of the carbon atom. (b) The     hybridized orbital of the carbon atom. (c) The   

bounds and    antibounds of     hybridized orbital of the carbon atom with the resulting structure formula with altering 
single and double bonds.  

The overlap between    orbitals of neighboring atoms leads to   bounding and    antibounding as 
shown in figure 2.3c. The   bounds form the HOMO and the    antibounds form the LUMO states. This 
results in altering single and double bounds between the carbon atoms. 
 
The hybridization of a carbon configuration starts playing an important role when the energies of the 
electronic states are considered. For crystals it is possible to determine the energy of the different states 
as a function of the wave vector, called the band structure. For many organic materials it is much more 
complex to determine the energies of electronic states since these materials do not have a crystallized 
structure. As mentioned earlier PEDOT:PSS is an example of a  -conjugated system. The molecular 
structure of PEDOT:PSS is responsible for this. 
 
PEDOT:PSS is an organic material that is used as a transparent electrode for organic light emitting diodes 
(OLEDs) and solar cells.9 PEDOT:PSS is highly conductive and optically transparent and therefore it is very 
suitable for these applications. How these properties of PEDOT:PSS come about lies in its structure. But 
before the structure of PEDOT:PSS will be discussed, firstly PEDOT will be considered. PEDOT is a 
polymer of EDOT,10 which are both shown in figure 2.4a and 2.4b. The EDOT molecules are polymerized 
in such a way that neighboring EDOT monomers are positioned oppositely.  
 

 
Figure 2.4   (a) The monomer EDOT. (b) PEDOT, the polymer of EDOT monomers that are positioned altering up and down. 
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Another characteristic of PEDOT and all  -conjugated materials is the presence of altering single and 
double bonds, as shown at the bottom of figure 2.5. As a result of this feature of its structure PEDOT has 
a band gap. If this PEDOT is now doped with acceptors, than the PEDOT gets positively charged and the 
Fermi level will shift up. PSS is used for stabilizing the doping of PEDOT. Doped PEDOT is highly 
conductive. Another property of PEDOT is that it is insoluble.10,11 But when the EDOT monomers are 
polymerized in a aqueous solution of PSS than PEDOT:PSS arises which is soluble. PSS itself is soluble and 
makes PEDOT:PSS therefore also soluble. PEDOT:PSS consist of PSS filaments which are plastered with 
PEDOT sites. PSS is the negatively charged polymer shown on the top of figure 2.5.  
 

 
Figure 2.5   At the bottom p-doped PEDOT and at the top the negatively charged PSS polymer in which EDOT monomers are 
polymerized to form PEDOT:PSS. 

 
2.5 The Variable range hopping model 
The variable range hopping (VRH) model describes the charge transport in disordered semiconductors.12 
With this model statements can be made about the electrical conductivity and the Seebeck coefficient 
of organic materials, in this report PEDOT:PSS. 

 
Figure 2.6   Schematic representation of the energy landscape of a disordered semiconducting material. Two hops from one 
site to another are indicated with a blue and a green arrow. 
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As opposed to the charge transport in crystalline semiconducting materials the energy landscape of an 
organic semiconducting material consists of sites with a random spread in energy. Figure 2.6 shows a 
schematic representation of the energy landscape of a disordered semiconductor. The horizontal axis 
represents an  -dimensional spatial axis and the vertical axis represents the energy separation. The 
hopping sites are randomly situated in energy and space. 
 
A charge carrier can hop from one site to the another. In figure 2.6 two hops are indicated, one with a 
blue arrow and one with a green arrow. A charge carrier can hop to another site with a different energy 
and position. It can even hop to a site that has a higher energy through a combination of quantum 
mechanically tunneling and thermal activation. The wavefunctions on the two sites decay exponentially 
in the barrier and therefore there is a finite probability for hopping. Still, the larger the energy barrier or 
the spatial barrier, the smaller the probability to make the hop. 
 
The probability to hop from site   to site   is mainly determined by two parameters, the energy 
separation      and the spatial separation     between the two sites. Equation 2.9 gives a qualitative 

expression for the probability of hopping     from site   to site  :12 

 

         
   

 
 

    

   
        (2.9) 

 
Here   represents the localization length related to the decay length of the state’s wavefunction and 
    is the Boltzmann constant times temperature. Intuitively, the hopping probability is larger when the 
distance between two hopping sites is smaller. Also when the temperature is higher, the hopping 
probability is larger. This is because a higher temperature implies more thermal activation. 
 
In the previous section a description of the chemical structure PEDOT:PSS is given. The investigated 
PEDOT:PSS consists of long quasi one dimensional filaments which are randomly arranged. Figure 2.7 
shows a schematic representation of a layer of PEDOT:PSS situated between two electrodes. The red 
square is a zoomed representation of the charge hopping sites. Each dot represents one site. For a 
charge carrier to go from one electrode to the other requires the charge carrier to hop from site to site 
in the direction of the other electrode. The path that the charge carrier has passed is determined by the 
probability to hop in a certain direction. There exists an optimal path which is energetically favorable 
over all other possible paths. 
 

 
Figure 2.7   Schematic representation of the PEDOT populated PSS filaments in blue and green that are situated between two 
electrodes. The blue and green lines represent the conducting filaments of which the green lines represent the filaments that 
are participating in conduction. Figure (a) shows PEDOT:PSS that is not processed with a high boiling solvent and figure (b) 
shows PEDOT:PSS that is processed with a high boiling solvent. Image retrieved from K. Van de Ruit.14 
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The electrical conductivity of a disordered material like PEDOT:PSS is determined by the optimal path 
that a charge carrier can pass to get from one electrode to the other. This optimal path is the path which 
is easiest to pass. This optimal path has a critical hop. This is the hop that is hardest to make. All the 
other hops are easier than or as easy as the critical hop:          . The conductivity is dominated by 

this critical hop. Equation 2.10 relates the electrical conductivity to the critical hop. Here    is a 
prefactor,    and       are the distance to the critical hop and the energy of the critical hop in the 
percolating network:12,13,14 
 

         
  

 
 

     

   
       (2.10) 

 
The Seebeck coefficient can be calculated with equation 2.4 as described in section 2.1. Where in this 
case      is calculated with equation 2.10. But in the VRH model the resulting expression can be 
simplified. Figure 2.8 shows a percolating path through the energy landscape of a disordered 
semiconducting material like PEDOT:PSS. The dotted red lines show the step in energy of an average hop 
in the percolating path. The Seebeck coefficient can be seen as a measure of this average hop at a 
certain temperature  . Equation 2.4 can now be written as follows:15 

 

     
     

  
        (2.11) 

 
When the semiconductor is doped, i.e. the charge carrier density is increased, then the Seebeck 
coefficient decreases. This is explained by the Fermi level shifting upward and the transport energy 
staying constant. This is due to the fact that the number of unoccupied states near the Fermi level 
increases and the hops will in average be to energetically closer sites. 

 
Figure 2.8   Schematic representation of a percolating path through the energy landscape of a disordered semiconductor. The 
dotted red lines represent an average hop from the equilibrium energy   . 
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(3) Experimental setup 
 
The research described in this report concerns three material properties: The Seebeck coefficient and 
the electrical and thermal conductivity. In this chapter a general description will be given of the 
experimental setup for firstly Seebeck measurements, secondly electrical conductivity measurements 
and lastly thermal conductivity measurements. Subsequently a description of the sample preparation is 
given. 
 
3.1 Setup for Seebeck measurements 
The setup that is used in Seebeck coefficient measurements is schematically shown in figure 3.1a.6 The 
black and white layer represents the sample which is measured. On top of the sample source (S) and 
drain (D) electrodes are situated. 
 
Below the sample, two Peltier elements (P) are mounted. These Peltier elements are devices that are 
able to create a temperature gradient over the sample as shown in figure 3.1b. The temperature 
gradient is estimated as being constant. If a current is sent through the Peltier element, then one side of 
the element cools down and the other side warms up. With one of these Peltier devices at each end of 
the sample, the temperature gradient of figure 3.1b can be obtained. The Peltier elements are described 
in more detail in the following section. 
 

 
Figure 3.1   (a) Schematic representation of a Seebeck measurement setup with two Peltier elements P that generate a 
temperature difference between the source and the drain and two sensors that measure this temperature difference. (b) The 
assumed temperature profile created by the Peltier elements. (c) A graph of the voltage over the source and the drain     as 
a function of the temperature difference between source and drain    . Image taken from Ref. 6. 
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On top of the sample two sensors are mounted. The sensors that are used for the experiments in this 
research are silicon diode sensors. These sensors measure the temperature at both ends of the sample. 
Since the temperature gradient is estimated as being constant, the temperature at the two ends of the 
sample is enough to know the whole temperature profile as shown in figure 3.1b. The source and the 
drain electrode are closer to each other than the two temperature sensors. The temperature difference 
between source and drain is therefore smaller than the measured temperature difference with the two 
sensors. The actual temperature difference can be calculated with equation 3.1 when the distance 
between the source and the drain electrode,    , and the distance between the Peltier elements,   , 

are known: 

 

     
   

  
          (3.1) 

 
The Seebeck coefficient can now be measured through varying the source drain temperature difference 
    and measuring the induced thermovoltage over the sample. The thermovoltage is measured by 
installing a voltage     over the source and drain that is equal to the thermovoltage whereby zero 
current flow is measured through the sample. The thermovoltage is then measured for several 
temperature differences. A graph of the thermovoltage for different temperature differences is shown 
in figure 3.1c. The Seebeck coefficient equals the slope of this graph.  
 
3.2 Peltier element 
The Peltier elements create a temperature difference between the source and the drain electrode. A 
schematic representation of a Peltier element is shown in figure 3.2. A Peltier element is based on the 
Peltier effect4 that is described in section 2.1. At every material transition the material is cooled down or 
heated up, depending on whetter the materials are p -or n-type inorganic semiconductors. In this case 
the transition from material A (n-type) to B (p-type) corresponds to a release of heat and a transition 
from material B to A corresponds to a absorption of heat. Therefore the upper surface of the Peltier 
element is heated and the lower surface is cooled down as shown in figure 3.2.  
 

 
Figure 3.9   Schematic representation of a Peltier element. Through putting a voltage over an altering row of two materials A  
and B, a temperature difference between the two surfaces of a Peltier element arises.  
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When two Peltier elements are placed on a sample holder, the holder will have a constant temperature 
after a settling time   , as long as the holder is large enough and can conduct heat well enough. In that 
case the holder works as a heat bath. But when the holder is too small, it’s temperature will increase in 
time. This can influence the measurements and needs to be prevented. 
 
3.3 Silicon diode sensors 
To measure the temperature difference over the sample, installed with the Peltier elements, two 
temperature sensors are used. The used temperature sensors are the LakeShore Silicon Diode sensor 
curve DT-670. Figure 3.3 shows a schematic image of the sensor with its dimensions.  
 

 
Figure 3.3   Schematic representation of the LakeShore Silicon Diode senor curve FT-670 that is used in the measurements. 
The dimensions of the sensor indicated here. Image retrieved from Lake Shore Cryotronics Silicon Diode and GaAlIAs High 
Temperature Sensor Installation Instructions. 

 
This sensor works on the principle of a four lead measurement or four terminal sensing. Figure 3.4 
shows a schematic representation of the four terminal sensing method. The resistance of the silicon 
diode depends on the temperature. Therefore this resistance needs to be measured. The value of the 
resistance of the silicon diode is a measure for the temperature of the silicon diode. With a calibration 
curve the temperature can now be calculated.  
 
The resistance of the silicon diode is measured as follows. Two force leads are connected to the silicon 
diode which is indicated as resistance   in figure 3.4. Via these force leads a current is supplied. A 
voltage drop arises over the resistance  , but also a voltage drop arises over the force leads. The 
resistance of the leads are indicated with   . The voltage drop over the diode is measured with two 
sense leads connected to a voltage meter. In this way only the voltage drop over the diode is measured 
and not the voltage drop over the force leads. This four terminal sensing provides an accurate way to 
measure the resistance of the silicon diode and thus also the temperature. This conversion from the 
measured voltage to the temperature of the sensor is made by a SI 230 Cryogenic temperature sensor 
connected to the silicon diode sensors. 
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Figure 3.4   Four terminal-sensing that is the operating principle of the silicon diode sensor. 

 
3.4 Setup for electrical conductivity measurements 
The electrical conductivity measurements are less complicated than the Seebeck measurements. In 
section 2.2 is explained that the electrical conductivity   can be calculated after measuring the 
resistance and the dimensions of the setup. The setup that is used to measure the resistance of the 
sample is shown in figure 3.5.14 Electrodes 2 and 3 are connected to a voltage source to apply a voltage 
over them. The current that resultantly flows through the sample from electrode 2 to 3 is measured by 
an ampere meter. The dimensions of the sample are measured and the electrical conductivity is 
calculated with equations 2.5 and 2.7. 
 

 
Figure 3.5   Schematic representation of the experimental setup used for measuring the electrical conductivity  . The voltage 
over the electrodes 2 and 3 is varied and the current flow through the sample from electrode 2 to 3 is measured.  

 
3.5 Wheatstone bridge 
Before describing the experimental setup for the thermal conductivity measurements, firstly the 
Wheatstone bridge will be introduced. In the thermal conductivity measurements a Wheatstone bridge 
is inserted in the electrical circuit. The Wheatstone bridge16 is used to make it possible to measure the 
  -voltage over the sample that is described in section 2.3. This signal is very small, especially in 
comparison with the   -voltage over a sample. For this reason the Wheatstone bridge is necessary. In 
this section a general description of the Wheatstone bridge is given. 
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An electrical circuit may consist of an unknown resistance. In these cases a Wheatstone bridge can be 
used to determine that resistance. Figure 3.6 shows a schematic representation of the electrical circuit 
of a general Wheatstone bridge. The electrical circuit consists of four resistances. Three known 
resistances   ,    and    and one unknown resistance which is here indicated as   . Of these 
resistances    is adjustable. The points A and D are connected with a voltage source and the points B 
and C are connected with a voltage meter. 
 

 
Figure 3.6   Schematic representation of the electrical circuit of a general Wheatstone bridge. 

 
The principle of the Wheatstone bridge can be deduced using Kirchhoff’s circuit laws. A voltage source 
applies a voltage         between the points A and D. The adjustable resistance    is increased until the 
voltage meter indicates no voltage difference between the points B and C. Now the source voltage 
induces a current    through the path ACD and a current    through the path ABD. Since points B and C 
are at the same potential, the voltage drop between points A and C is equal to the voltage drop between 
points A and B: 
 

                        (3.2) 
 
And also the voltage drop between the points C and D is equal to the voltage drop between the points B 
and D: 
 

                        (3.3) 
 
By dividing equation 3.2 by equation 3.3 an expression for the unknown resistance    in terms of the 
known resistances is obtained: 
 



Bachelor project Max Scheepers 
 

15 
 

     

     
 

     

     
       (3.4) 

 

   
     

  
       (3.5) 

 
3.5 Setup for thermal conductivity measurements 
The setup for the thermal conductivity measurements resembles the setup used for the Seebeck 
coefficient measurements and the electrical conductivity measurements. Again the sample is situated 
between two Peltier elements and two Silicon diode sensors. Instead of two short electrodes now only 
one long electrode is used7,17,18. Figure 3.7 schematically demonstrates the setup for the thermal 
conductivity measurements. 
 

 
Figure 3.7    Schematic representation of the experimental setup for the thermal conductivity measurements. Instead of two 
electrodes now only one large electrode is used.  

 
The trick of the thermal conductivity measurements is to measure the 3 -signal. For that purpose a 
Wheatstone bridge is used. In our case we are not so much interested in the resistance of an unknown 
component, but more interested in the voltage over that component. In this case the unknown 
component is the sample. The sample voltage consists of a   -component     and a   -component 
   . The sample is the only component in the setup that not only consists of a   -voltage but also 
consists of a 3 -voltage. The value of this     is much smaller than the value of     and is therefore 
difficult to measure with a standard four point probe measurement.  
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With the help of this Wheatstone bridge, a function generator and a Lock-In Amplifier it is possible to 
measure the 3 -voltage.16 The function generator should be connected between the points A and D, the 
Lock-In Amplifier should be connected between the points B and C. The adjustable resistance    is then 
adjusted until the 1 -component of the voltage     is equal to zero. The    component of     is still 
present in the voltage signal and can now be measured with the Lock-In Amplifier. Figure 3.8 shows the 
electrical circuit with a Wheatstone bridge for the case as described here. 
 

 
Figure 3.8   Schematic representation of the electrical circuit of the Wheatstone bridge as it is used in the measurements in 
this report. A Lock-In Amplifier is used to determine the   -voltage over the sample. With orange the   -currents are 
indicated. 

 
With this method the 3 -component of     is measured. Still this is not the   -voltage over the 
sample. It is possible to convert this        into the        over the sample. The only component in the 

circuit that produces a   -voltage is the sample. Therefore only through the sample arm of the 
Wheatstone bridge there will be a 3 -current, as indicated with orange in figure 3.8. The total   -
current through that arm is calculated as follows:16 

 

        
       

          
      (3.6) 

 
The   -current through the path CD can also be represented as follows: 
 

       
      

  
       (3.7) 

 
The 3 -voltage drop over the path BD is zero, because there is no 3 -current flow in that arm. 
Therefore        is equal to the measured   -voltage       . Equation 3.7 can now be adjusted: 
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       (3.8) 

 
Since the current in a serial circuit is constant the               . The two expressions for these 
variables can be combined into one equation which converts the measured value        into the desired 

value       : 
 

                    (3.9) 

 
       

          
 

      

  
      (3.10) 

 

        
          

  
             (3.11) 

 
The   -voltage over the sample is very small in comparison with the   -voltage. Therefore it is 
necessary to try to create a   -signal that is as large as possible. The three known resistances in the 
Wheatstone bridge can be chosen such that a larger   -signal is obtained. Firstly equation 3.11 
indicates that a small value of    in comparison with the resistance of the sample is favorable. Since the 
voltage over the path ACD is distributed over    and         as the ratio of the resistances. Secondly 

when    is a 100 times smaller than    then 99% of the current will flow through the sample arm of the 
bridge. Lastly equation 3.5 for the unknown resistance can be converted to an equation for the 
resistance   , since in this case all resistances are known except for   : 
 

   
          

  
       (3.12) 

 
3.7 Sample preparation 
A schematic image of the samples that are used in the measurements is shown in figure 3.9. Figure 3.9a 
shows the top view of the sample and figure 3.9b shows the front view. The sample firstly consists of a 
square glass substrate. The substrates were cleaned by sonication in successively water-soap, water, 
and 2-propanol baths. After drying, the substrates were placed in a UV-ozone cleaner for 20 min. Upon 
the substrate a layer of PEDOT:PSS is spin-coated with a velocity of 1000 RPM. On top of this layer 9 
times 4 Au electrodes are damped. Several sample are measured with top electrodes and other samples 
are measured with bottom electrodes. This does not influence the measurements. The dimensions of 
the layers are shown in figure 3.9b.  
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Figure 3.9   (a) Schematic representation of the top view of the sample. The gold bars represent the gold electrodes on top of 
the sample. The two white dots indicate two neighboring electrodes that are used in the measurements. (b) Schematic 
representation of the front view of the sample. A layer of PEDOT:PSS is situated on top of a glass substrate.  

In a measurement two probe needles are placed on one electrode and two others are placed on the 
neighbor electrode, for instance the two electrodes that are indicated with the white dots. The length of 
the canal through which the current flows is thus        and the cross-sectional area is          
where   is the thickness of the PEDOT:PSS layer. 
 
The material that is measured is PEDOT:PSS. This material is already described in section 2.4. PEDOT:PSS 
is used with several different mixing ratios PEDOT to PSS in these measurements. Also solutions of 
PEDOT:PSS are used with and without a high boiling solvent (HBS) to improve in-plane conductivity.14 
Table 3.1 shows the PEDOT:PSS solutions that are used in the measurements and the name that they 
will be referred to in the remainder of this report. These solutions are obtained by first making a stock 
solution with a PEDOT to PSS ratio of 2 to 5. This solution has the feature that all the PSS filaments are 
plastered with PEDOT sites. From this solution new solutions are made by adding an amount of PSS 
solution. This PSS is called excess PSS and is situated between the PEDOT plastered PSS filaments. It has 
the effect of insulating the PSS filaments with PEDOT sites from each other.  
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Table 3.1   The various solutions of PEDOT:PSS with different mixing ratios that are used in the Seebeck coefficient 
measurements are shown in this table. The solutions are referred to with the name that is shown in this table. The presence 
of a high boiling solvent to improve the in-plane conductivity is also shown in this table. 

 
 
For all these eight solutions of PEDOT:PSS the conductivity and the Seebeck coefficient are measured. 
Subsequently each sample is processed with a 1 M solution of sulfuric acid in demineralized water and 
then the measurements were repeated. Xia and Ouyang’s research19 described acid processing of 
PEDOT:PSS samples with acetic acid, propionic acid, butyric acid, sulfurous acid, hydrochloric acid and 
oxalic acid. Their research showed an enhancement in the electrical conductivity. In the research 
described in this report the influence of processing a PEDOT:PSS sample with sulfuric acid (H2SO4) for the 
electrical conductivity and the Seebeck coefficient is determined. 
 
The samples are processed with a solution of H2SO4 as follows. The samples are placed on a hot plate 
with a temperature of 160 . Droplets of the solution of sulfuric acid are pipetted on top of the sample. 
The surface that is filled with the acid solution contains the areas around the electrodes that are going 
to be measured. The droplets directly form one large droplet that is spread over the sample. The sample 
is left on the hot plate for five minutes. The water in the solution evaporates in this time and the large 
droplet shrinks and moves to the centre of the sample. After these five minutes the sample is rinsed 
with demineralized water for three times. The sample is then transported into a glovebox filled with 
nitrogen (O2<0.5 ppm, H2O<0.5 ppm) and is placed on a hot plate for another five minutes at a 
temperature of 160 . Then the sample is ready for a new measurement. 
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(4) Preliminary experiments 
 
Before starting the actual Seebeck and thermal conductivity measurements, first a number of 
preliminary experiments are performed. This chapter gives a brief description of these preliminary 
experiments. The goal of these experiments is firstly to get acquainted with the measurement devices. 
Secondly the aim was to test the measurements devices and to set a baseline for the rest of the 
measurements.  
 
4.1 Temperature settling time measurements 
In the all the measurements two Peltier elements are used to install a temperature gradient over a 
sample. With two silicon diode sensors this temperature difference is measured. The aim of the 
experiments performed in this section is to determine what the settling time is for the temperature. In 
other words, how much time needs to elapse from the point that a current is sent through the Peltier 
elements until the temperature of the sample is stable.  
 
Figure 4.1 shows a picture of the measurement setup. The measurements were done without a sample 
in the sample holder, since the samples were not available yet at that time and it will not make a large 
difference. The white Peltier elements are directly connected to the sensors and both mounted in the 
sample holder. As described in section 3.2 the Peltier elements cause in time an increase of the 
temperature of the sample holder. For this reason the sample holder itself is placed on top of a small 
fan. The fan blows air past the sample holder to improve the heat flow away from the sample holder.  
 

 
Figure 4.1   Picture of a sample with four needles making an electrical connection with the Au electrode. (b) Picture of the 
sample holder which is placed on top of a small fan. Two Peltier elements and also two Si diode sensors are placed in the 
holder. 

 
A current is sent trough the Peltier elements in such a way that both Peltier elements cool or both 
elements heat the sensor depending on the polarity of the current that is sent trough the Peltier 
elements. Then for three minutes every two seconds the temperature is measured with only one sensor. 
A graph of the results is shown in figure 4.2.  
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Figure 4.2   The temperature measured by the silicon diode sensors as a function of the time. This measurement was 
performed for several values of the current flowing equally through both the Peltier elements.  

 
The results show a temperature range of roughly 75 K that is reached with Peltier currents between 
                and                . The settling time depends on the installed Peltier current. A 

greater absolute value of the Peltier current leads to a longer settling time. A settling time of three 
minutes is observed to always be sufficient. Figure 4.2 also shows that there is no overshoot in 
temperature. Furthermore, the same value of the Peltier current leads to a higher increase in 
temperature with heating than a decrease in temperature with cooling. This is a result of the 
nonlinearity of the calibration curve of the temperature sensor. This will be discussed in section 4.2. 
 
Subsequently a current is sent trough the Peltier elements in such a way that Peltier element one cools 
sensor one and Peltier element two heats sensor two. Then again for several current values the 
temperature is measured with both the sensors. A graph of the results is shown in figure 4.3. 
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Figure 4.3   Graph of the temperature measured by the silicon diode sensors as a function of the time. This measurement was 
made for several values of the current flowing with opposite polarity through both the Peltier elements.  

 
This measurement again shows a no overshoot. Since in this case the maximum absolute value of the 

Peltier current was                   the settling time is shorter than in the first measurement shown 

in figure 4.2. In this case a settling time of two minutes would already be sufficient.  
 
4.2 Calibration of Peltier elements 
For the Seebeck measurements that are described in chapter 6 it is necessary to have an impression of 
what Peltier current leads to what temperature increase, decrease or difference over the sample. This 
later enables installment of approximately the temperature difference that is desired. For this purpose 
the temperature needs to be measured for different Peltier currents. From the measurements that are 
performed in the previous section, a calibration curve is made. Figure 4.4 shows the results. 
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Figure 4.4   The temperature calibration curve of the Peltier currents. A range of 75K can be reached with a maximum 

absolute value of the Peltier current of                 . 

 
The graph shows that the temperature of the Peltier element is not linear in the Peltier current, but 
there exists a progressive relation. Figure 4.2 and 4.3 already showed this progressive relation. A step in 
the Peltier current corresponds to a step in the temperature, but a step of     A does not correspond to 
the same step in temperature for low Peltier currents as for high Peltier currents. 
 
4.3 Temperature hysteresis measurements 
The third and last preliminary experiment that is performed deals with hysteresis of the Peltier 
elements. To determine whether hysteresis occurs, two measurements are performed. In the first 
measurement one of the Peltier elements is in succession heated to a Peltier current of          

       in eight steps. From there it is cooled down to                 in the same way. The path is 

closed by heating the Peltier element back to              where it started. Between each step and 

measurement of the sensor a settling time of two minutes is allowed. The second Peltier element is not 
heated or cooled, only its temperature is measured. Figure 4.5 shows the results of this first 
measurement on hysteresis.  
 



Bachelor project Max Scheepers 
 

24 
 

-0,4 -0,3 -0,2 -0,1 0,0 0,1 0,2 0,3 0,4
260

270

280

290

300

310

320

330

340

350

 

 

T
 (

K
)

IPeltier (A)

 Temperature of heated Peltier element

 Temperature of neigbouring Peltier element

 
Figure 4.5   Graph of the first hysteresis measurement. One Peltier element was first heated and then cooled (red line) 
whereas the other Peltier element (blue line) was not used. 

 
The red lines shows only minor hysteresis in temperature at the different Peltier currents. The start 
point and end of the measurement, the point             , shows a small leap of       . Here the 

temperature was measured two times in a row at             . The settling time was then thus four 

minutes instead of two. This shows that a longer settling time can reduce or remove this slight form of 
hysteresis. The blue line also shows a slight form of hysteresis, but the maximal temperature difference 
is still       .  
 
The second measurement is similar to the first measurement only in this case both Peltier elements are 
heated and cooled. One element is first heated and then cooled, similar to the previous experiment and 
the other element is first cooled and then heated. A graph of the results of this second measurement on 
hysteresis is shown in figure 4.6. 
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Figure 4.6   Graph of the second hysteresis measurement. One Peltier element was first heated and then cooled (blue line) 
and the other was at the same time first cooled and then heated (red line) with the same absolute value of the Peltier 
current. 

 
The second measurement (figure 4.6) shows the same results as the first measurement (figure 4.5). 
Hysteresis occurs in minor degree for both Peltier elements. Here the maximal temperature difference 
due to hysteresis is       . In this case again a settling time of two minutes was used. Increasing this 
settling time can possibly cause a decrease of the hysteresis. Therefore in the actual Seebeck 
measurements an uncertainty in temperature of         is used.  
 
4.4 Conclusion 
The experiments performed in the preliminary experiments showed three features of the Peltier 
elements. The first experiment showed that a settling time of three minutes is sufficient for Peltier 

currents up to                 . For lower values of the Peltier current a lower settling time is sufficient. 

The second experiment showed that a temperature range of      can be reached. It also demonstrated 
that the temperature increases progressively with the Peltier current. The third experiment showed that 
hysteresis only plays a minor role. If an uncertainty in temperature of         is used then hysteresis 
does no longer matter. 
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(5) Electrical conductivity measurements 
 
This chapter describes the experiments that are performed to obtain the electrical conductivity of 
PEDOT:PSS. Firstly the measurements are described in the experimental setup after which the results 
will be discussed and in the end conclusions will be given. 
 
5.1 Experimental setup 
As already described in section 2.2 can the electrical conductivity of a material be calculated after 
measuring the electrical resistance of that material and the geometry of the sample. In the experiments 
that will be described in this chapter the electrical conductivity is always calculated from the resistance 
that is measured. Also all measurements are performed in a glove box filled with nitrogen (O2<0.5 ppm, 
H2O<0.5 ppm). 
 
The setup with which the first resistance measurement is performed is shown in figure 5.1. Four probe 
needles make contact with the sample. Two needles are used to install a voltage over the sample and to 
measure the current flow through the sample. The other two needles are used to measure the voltage 
applied over the sample. The voltage is swept from           to           and the current and 
voltage are measured 100 times in that range. From the obtained data the resistance of the sample is 
calculated and from that the conductivity is determined. This measurement is repeated with different 
samples. Afterwards, when the Seebeck measurements of chapter 6 started, the conductivity is 
calculated from the measurement data of those experiments. These data are similar to the data from 
the measurement described above. 
 

 
Figure 5.1   A picture of the measurement setup that is used for determining the electrical conductivity of PEDOT:PSS. Four 
probe needles are used to make electrical contact with the sample.  

 
5.2 Results and discussion 
The electrical conductivity of PEDOT:PSS is measured for all the PEDOT:PSS solutions that are described 
in section 3.7. For each Seebeck measurement an    -curve is made from the measurement data. Figure 
5.2 shows a standard graph of such an    -curve. A straight line is fitted through the measurement 
points. The linearity of the data shows that the resistance is Ohmic. The slope of the linear fit is the 
reciprocal of the resistance of the measured sample. Together with the geometry of the PEDOT:PSS 
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canal through which the current flows it is possible to calculate the conductivity of each sample. 
Equations 2.5, 2.6 and 2.7 are used in this calculation. 
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Figure 5.2   A standard graph of the current flow through the sample as a function of the voltage across the sample. The 
linear fit of the data is shown in red. 

 
For each of the eight PEDOT:PSS solutions a sample is made and an    -curve is measured. From this 
   -curve the conductivity is calculated. Subsequently the samples are processed with sulfuric acid and 
measured again. Figure 5.3 shows a graph of the conductivity of all the PEDOT:PSS samples with 
different treatments. The black line and the blue line represent the electrical conductivity of the samples 
before being processed with the sulfuric acid solution. The red and the purple line represent the 
samples after being processed with the H2SO4 solution. The horizontal axis shows the logarithm of the 
PEDOT to PSS ratio and the vertical axis the logarithm of the electrical conductivity. 
 
The conductivity seems to increase as a powerlaw with the PEDOT to PSS ratio for all four lines. The 
samples that are processed with a HBS show larger conductivities than the samples that are not 
processed with a HBS. Treating the samples without a HBS but with a H2SO4 solution shows a clear 
enhancement in the electrical conductivity. Treating the samples with a HBS and also with a H2SO4 
solution shows only a small increase in the conductivity. 
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Figure 5.3   The Conductivity of the PEDOT:PSS samples with different treatments. The conductivity is logarithmically 
represented on the vertical axis and the PEDOT to PSS layer is logarithmically represented on the horizontal axis. In black are 
the samples that have not been treated with a high boiling solvent (HBS) or sulfuric acid (H2SO4). In blue the samples that are 
treated with a HBS but not with H2SO4. In red the samples that are treated with H2SO4 but not with a HBS. In purple the 
sample that are treated with both a HBS and H2SO4. The dashed lines show power laws with slope 1 and 3.5 as found in Ref 
14. 

 
In section 2.5 the variable range model was introduced. This model is build upon the assumption that 
charge transport through a disordered material has a hopping like character. Charge hops from one site 
to another. Figure 2.7a is a representation of the PEDOT:PSS layer between two Au electrodes like in the 
electrical conductivity measurements of this chapter. The blue and green lines represent PEDOT 
populated PSS filaments that are considered quasi-one dimensional. The charge hops from filament to 
filament and within one filament charge also hops from one site to another. In this way the charge 
passes a percolating path form electrode one to electrode two. The PEDOT to PSS ratio determines the 
density of filaments between the electrodes. In a PEDOT:PSS layer with a high density of PSS filaments 
that are populated with PEDOT the charge hops easier from one electrode to the other. This explains the 
relation between the conductivity and the PEDOT to PSS ratio of figure 5.3.  
 
The samples that are processed with a HBS show a larger conductivity than the samples that are not 
processed with a HBS. Cryo-Transmission Electron Microscopy images are made of the samples that are 
processed with a HBS and the samples that are processed without a HBS.14 These images showed no 
significant change in the structure of the PEDOT:PSS layer: The structure of filaments with a diameter of 
about  5 nm is not observed to be affected by the HBS. Therefore significant changes are expected to 
occur only on smaller scale. During spin-coating of the PEDOT:PSS layer the HBS remains longer in the 
film. The time during which the solvents are evaporated and the layer is formed is thereby elongated. 
This may allow for small conformational changes. These changes could either lead to a smaller spread in 
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conductivity or a larger connectivity of the PEDOT populated PSS filaments. Figure 5.4 shows a 
schematic representation of the spin-coating process.  
 

 
Figure 5.4    Schematic representation of the spin-coating process. The HBS remains longer in the PEDOT:PSS film than the 
solvent water. This may allow for small, though significant, conformational changes in the PEDOT:PSS layer. 

 
The treatment with the H2SO4 solution shows an enhancement in the conductivity for the samples 
without the HBS. For the samples with a HBS the conductivity also slightly increases due to the 
treatment with the H2SO4 solution. In terms of the composition of the PEDOT:PSS layer the treatment 
with the H2SO4 solution seems to result in removal of PSS. Table 5.1 shows the thicknesses of the 
PEDOT:PSS layers before and after the treatment with the H2SO4 solution. The decrease in thickness 
correlates strongly with the PEDOT to PSS ratio. This suggests that almost all the insulating PSS is 
removed from the PEDOT:PSS layer. Therefore the observed enhancement in the conductivity is 
explicable. The gain in the conductivity is maximal in PEDOT:PSS layers where the filaments are mostly 
unconnected. That is to say the samples that are not processed with a HBS. Likely not all PSS is removed 
since there is still a PEDOT to PSS ratio dependence for the samples after the H2SO4 treatment. 
 
 
Table 5.1   The thickness of the PEDOT:PSS layers before and after the treatment with the sulfuric acid solution. The decrease 
in thickness of the layer after the treatment correlates with the relative concentration of PSS in the pristine material.  
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5.3 Conclusion 
The electrical conductivity of PEDOT:PSS increases as a powerlaw with the PEDOT to PSS ratio. This is 
demonstrated for all measured samples. A higher PEDOT to PSS ratio results in more percolating paths 
for the charge. The conductivity is thereby enhanced. For the samples that are not treated with a HBS, a 
significant enhancement in the electrical conductivity is observed when these samples are treated with 
a HBS. The HBS seems to improve the connectivity between the PSS filaments that are dressed with 
PEDOT. Also when the samples are treated with a H2SO4 solution a significant enhancement of the 
conductivity is observed. The insulating PSS in the PEDOT:PSS layer seems to be almost entirely removed 
during the H2SO4 treatment, whereby the thickness of the layer decreases. This results in an 
enhancement in the conductivity. Treating the sample first with a HBS and subsequently with a H2SO4 
solution also leads to a small further increase in the conductivity. 
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(6) Seebeck coefficient measurements 
 
This chapter describes the experiments that are performed to determine the Seebeck coefficient of 
PEDOT:PSS solutions treated with a HBS or a solution of H2SO4. The Seebeck coefficient indicates an 
interesting thermoelectric property of a material, namely the thermopower. This is the induced voltage 
in a material with a particular temperature gradient over it. A high thermopower contributes to a higher 
figure of merit    for the application in thermoelectric generators. 
 
Firstly the principle on which the measurements are based is explained. Subsequently the measurement 
setup and the measurement protocol are described. Thereafter the results of the experiments are 
described extensively and conclusions are drawn from the results.  
 
6.1 Principle on which measurements are based 
In the measurements6 that are performed to determine the Seebeck coefficient of PEDOT:PSS a 
temperature gradient is installed over the length of the sample. In the sample, which consists of a layer 
of PEDOT:PSS, a thermovoltage is induced as a result of this temperature gradient. This thermovoltage is 
due to a temperature dependent Fermi level in the material. The Fermi level at the hot side will differ 
from the Fermi level at cold side of the material. This difference in Fermi level is measured as a 
thermovoltage. The Seebeck coefficient is defined as the thermovoltage that arises when a temperature 
difference of one Kelvin is installed over the sample.  
 
6.2 Experimental Setup 
The measurements on the samples are again performed in a glove box filled with nitrogen (O2<0.5 ppm, 
H2O<0.5 ppm). A sample is placed in the sample holder. Also the two Peltier elements and two Silicon 
diode sensors are mounted in the sample holder. The sample is placed on top of the Peltier elements 
and below the diode sensors. These Peltier elements install a temperature gradient over the length of 
the sample. This temperature is measured at the two points where the sensors are placed. Figure 6.1 
shows a picture of this setup that is used for the Seebeck measurements. 
 

 
Figure 6.1   Picture of the used experimental setup for the Seebeck measurements. The sample holder is placed on the fan 
inside the glovebox. The sample is placed inside the holder with the Peltier elements and the sensors attached to it. A 
camera is placed in order to ease the processes of making contact between the sample and the probe needles. 
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Figure 6.2 shows a schematic representation of the electrical setup of the Seebeck measurements. The 
computer controls three components. The computer is connected with these three components through 
a general purpose interface bus (GPIB) connection. Firstly the computer reads out the temperature from 
an SI 230 Cryogenic temperature sensor which is connected to the two Silicon diode sensors.  
 
Secondly a Keithley 2636A System Sourcemeter is controlled with the computer. Two channels can be 
both used as a voltage or current source and as a voltage or current meter. The probe needles of two 
contact holders are connected to one Au electrode and the other two contact holders to the 
neighboring Au electrode. Each pair of contact holders is connected to the Keithley as shown in figure 
6.2.  
 
Lastly a LabJack U12 is controlled with the computer. The LabJack is connected to two Delta Elektronika 
Power supplies ES 030-5 and to a polarity switch. The function of the polarity switch is to change the 
polarity of the voltage or current provide by the power supplies. This is also computer-controlled. Via 
the polarity switch the power supplies provide the two Peltier elements with the right current. The 
protocol for how the computer controls the devices to perform measurements is explained in the next 
section. 
 

 
Figure 6.2   Schematic representation of the electrical setup for the Seebeck measurements. A small fan is situated beneath 
the sample holder, which are both not represented in the figure. All measurements are computer-controlled. 
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6.3 LabVIEW program 
The measurements that are performed in this chapter are all computer-controlled. This is programmed 
with the help of the program LabVIEW. LabVIEW is a graphic program, used by many engineers and 
scientists, which can control and read out hardware like voltage sources or function generators.  
 
The program that is made for the measurements in this chapter contained the drivers of the following 
components: A Keithley 2636A System Sourcemeter, a LabJack U12 connected to a polarity switch and a 
SI 230 Cryogenic temperature sensor. The Sourcemeter is used to sweep the drain voltage and to 
measure the voltage over the drain and source. With the power supplies the two Peltier elements are 
provided with a current flow and the LabJack and the polarity switch set the power supplies to the right 
value and polarity. The temperature sensor is used to measure the temperature difference over the 
length of the sample.  
 
The protocol for the measurements is schematically shown in figure 6.3. Firstly a temperature gradient 
is installed with the Peltier elements and the sensors measure the temperature at both ends of the 
sample during a settling time   . Then the bias voltage       is set to a prescribed value two times and 
each time the     is measured. With the two values for       and the two measured values for     the 
program calculates the voltage at which      . This voltage is a rough estimate of the thermovoltage 
        which we want to determine. Subsequently the bias voltage is swept in a prescribed number of 
steps in a range around the calculated thermovoltage. For each value of       firstly the temperature at 
both ends of the sample    and    is measured. Secondly the voltage over the sample     and the 
current flow through the sample     are measured and lastly again the temperatures    and    are 
measured. The data is stored in a text file. The protocol is repeated with new values for the Peltier 
current. The Peltier current is varied a couple of times after which the measurement is finished. All the 
measurement data is retrievable in several text files. With these data an accurate value for the 
thermovoltage and with that the Seebeck coefficient can be calculated. 
 

 
Figure 6.3   Schematic representation of the measurement protocol as it is programmed with LabVIEW. 

 
The user interface of this program in represented in figure 6.4. It shows several options for the 
measurements as already explained above. The two values of the rough calculation of the 
thermovoltage can be specified by the user, dependent on the expected thermovoltage. Also the 
settling time   , the number of measurements points in the accurate measurement and the range of 
that accurate measurement need to be set. The values for the Peltier currents can be specified in the 
square on the right in figure 6.4. 
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Figure 6.4   User interface of the Seebeck measurements program. 

 
6.4 Results and discussion 
The Seebeck coefficient measurements are performed with the help of the LabVIEW protocol that is 
described in the previous section. For several temperatures of the Peltier elements an    -curve is 
measured. These measurements are used for calculating the electrical conductivity presented in chapter 
5. Figure 6.5 shows a standard    -curve that is measured in this experiment. A straight line is drawn 
through the measurement data. This linear fit is shifted compared to a normal    -measurement. This 
shift is a measure for the thermovoltage that is induced because of the installed temperature difference 
over the sample. This thermovoltage should therefore be zero when no temperature difference is 
installed over the sample, but this is not the case. When no temperature difference is installed, still a 
voltage offset is measured.  
 
We are interested in the Seebeck coefficient which is the thermovoltage per Kelvin temperature 
difference. Still this error in the thermovoltage does not influence the Seebeck coefficient. Since an    -
curve is measured for thirteen values of the Peltier elements, this error is constantly present in all these 
values for the thermovoltage. With the measured thermovoltages and the measured temperature 
differences a new graph is made. Figure 6.6 shows this graph. The systematic error causes a vertical shift 
of the measurement data in this graph. As explained in section 3.1 the Seebeck coefficient is equal to 
the slope of the linear fit of figure 6.6. The error in the thermovoltage does not influence the Seebeck 
coefficient since the slope of this graph is not altered by a vertical shift of all the data. 
 
Now the Seebeck coefficient is measured for one particular PEDOT:PSS solution. The Seebeck coefficient 
is also measured for the other seven PEDOT:PSS solutions. Subsequently the samples are processed with 
a solution of H2SO4. Then the Seebeck coefficient of all the samples is measured again. These are the 
same samples that are used for the electrical conductivity measurements presented in chapter 5. The 
results of the Seebeck measurements are shown in figure 6.7. The graph demonstrates the Seebeck 
coefficient for the eight different PEDOT:PSS samples before the treatment with a solution of H2SO4 in 
black and blue. The Seebeck coefficient of these same samples after the treatment with a solution of 
H2SO4 is shown in red and purple. The blue and purple samples are processed with a HBS. 
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Figure 6.5   A standard    - curve as measured in this experiment. The amount of voltage that this curve is shifted is a 
measure for the thermovoltage. 
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Figure 6.6   The linear relation between the measured thermovoltage and the temperature difference over the PEDOT:PSS in 
between the two electrodes. The polarity of the slope of this graph is determined by the definition of the temperature 
difference over the sample.  
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Figure 6.7   The Seebeck coefficient measured for the PEDOT:PSS samples with different treatments. The graph shows in 
black the samples that are not treated with a HBS, in blue the samples that are treated with a HBS and in red and purple 
respectively the same samples only now treated with a solution of H2SO4. The bold lines are mean values with error margin. 

 

The Seebeck coefficients that are measured for PEDOT:PSS solutions are in the order of           . 
The maximum value for the Seebeck coefficient of the PEDOT:PSS solutions is found to be          . 
This maximum value was found for the solution with a PEDOT to PSS ratio of 1 to 6 and no HBS after 
treating the sample with the H2SO4 solution. There seems to be no relation between the Seebeck 
coefficient and the PEDOT to PSS ratio of the solution. Therefore the average and the standard deviation 
of the measurements are shown in figure 6.7. The samples that are processed with a HBS show slightly 
higher Seebeck coefficients than the samples that are not processed with a HBS. Treating a PEDOT:PSS 
sample with a solution of H2SO4 enhances an enhancement of the Seebeck coefficient. Treating the 
samples that are processed with a HBS with a solution of H2SO4 leads to a decrease in the Seebeck 
coefficient. 
 
In section 2.5 the Seebeck coefficient was discussed in the light of the variable range hopping model. In 
this model the Seebeck coefficient is a measure for the energy of the average hop made in the 
percolating path that the charge passes to get to the other electrode. More percolating paths are 
available when there is relatively more PEDOT in the PEDOT:PSS layer. Therefore PEDOT to PSS ratio 
influences the conductivity as indicated in section 5.2. The average hop in the percolating path is not 
affected by the PEDOT to PSS ratio. Figure 6.7 shows that the Seebeck coefficient does not seem to be 
related to the PEDOT to PSS ratio. 
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As mentioned in section 5.2 the HBS improves the connectivity, making the percolating network denser. 
In first order this shouldn’t lead to a reduction in S as the average hop in the filaments shouldn’t change. 
However, the denser network enables the charges to follow easier pathways, containing less difficult 
hops, i.e. hops over smaller energy differences. The average hop in the percolating network will 
therefore also get somewhat easier and this results in a slightly reduced Seebeck coefficient. Figure 6.7 
shows this decrease in the Seebeck coefficient. The treatment with the solution of H2SO4 induces an 
enhancement in the Seebeck coefficient for both the samples that are processed without a HBS and the 
samples that are processed without a HBS. The H2SO4 removes the PSS from the PEDOT:PSS layer. What 
is left over after the treatment is a very thin PEDOT:PSS layer with a very high density of PEDOT sites. 
This process is likely to increase the disorder in the material whereby the Seebeck coefficient increases. 
 
The numerator of the figure of merit    from equation 2.1 is calculated for the measured PEDOT:PSS 
solutions. This so called power factor is a first indication for determining which PEDOT:PSS preparation is 
most efficient for the use as a TEG. This is shown in figure 6.8. The highest value of     is obtained with 
the sample that is made from a PEDOT:PSS solution with a PEDOT to PSS ratio of 2 to 5 and no HBS is 
used in the process. After treating this sample with a solution of H2SO4 a value is obtained of         

            . Increasing the PEDOT to PSS ratio leads to higher power factors. The use of a HBS 
results in an enhancement of the power factor. The treatment with a solution of H2SO4 also leads to an 
enhancement of the power factor. The combination of a HBS and a treatment with a solution of H2SO4 
does not lead to a further enhancement of the power factor.  
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Figure 6.8   The numerator or power factor of the figure of merit ZT for all measured PEDOT:PSS sample. In red the samples 
before treatment with a solution of H2SO4

 and in black the samples after treatment with a solution of H2SO4. 



Bachelor project Max Scheepers 
 

38 
 

6.5 Conclusion 

The Seebeck coefficients of PEDOT:PSS were found to be of the order of            with a maximum 
that was found of          . The maximum value for the Seebeck coefficient was found for the 
sample that was made from a PEDOT:PSS solution with a PEDOT to PSS ratio of 1 to 6. This sample was 
also treated with a solution of H2SO4. More percolating paths are available when there is relatively more 
PEDOT in the PEDOT:PSS layer. But the Seebeck coefficient of PEDOT:PSS does not depend on the 
PEDOT to PSS ratio. The average hop in the percolating path seems not affected by the PEDOT to PSS 
ratio. 
 
The HBS improves the connectivity of the PEDOT populated PSS filaments and thereby the most difficult 
and the average hop in the percolating path is decreased. This results in a lower Seebeck coefficient for 
the samples with a HBS in comparison with the samples without the HBS. Treating PEDOT:PSS samples 
with a H2SO4 solution leads to an enhancement in the Seebeck coefficient for both the PEDOT:PSS 
solutions with and without a HBS. Likely the disorder in the material is increased by the sulfuric acid 
treatment and therefore the Seebeck coefficient increases. 
 
The power factor or the numerator of the figure of merit    was calculated for the eight different 
PEDOT:PSS solutions before and after treating them with a solution of H2SO4. It was found that 
decreasing the PEDOT to PSS ratio leads to a lower power factor. Preparing the samples with a HBS or 
treating the samples with H2SO4 leads to an increase in the power factor, but combining both the HBS 
and the H2SO4 treatment does not lead to a further enhancement. The highest value of the power factor 

was found to be                     . This value was found for the PEDOT:PSS solution that is 
made with a PEDOT to PSS ratio of 2 to 5 and no HBS after the sulfuric acid treatment. The highest value 

for the power factor                      found here is about a factor 20 lower than the 
                    reported in Ref. 3. The main reason for this is the lower, by about a factor 3, 
Seebeck coefficient found here. The lower conductivity adds another factor 2. 
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(7) Thermal conductivity measurements 
 
A high Seebeck coefficient and electrical conductivity are two ingredients for a high figure of merit ZT. 
One other material property that is of significance for the figure of merit is de thermal conductivity. The 
thermal conductivity is the ability of a material to conduct heat. A lower thermal conductivity yields a 
higher figure of merit ZT. In this chapter a description will be given of a measurement setup for the 
thermal conductivity of PEDOT:PSS. A dependency of the PEDOT to PSS ratio is expected since the 
insulating PSS will probably not conduct very well. 
 
7.1 Principle on which measurements are based 
The thermal conductivity measurements are somewhat more complicated than the Seebeck 
measurements of the previous chapter. The principle of the measurements is the following: When an ac 
current of the form             is sent through an Au electrode mounted on a PEDOT:PSS sample, 
this current induces a temperature fluctuation in the electrode. Heat flows away from the electrode into 
the layers beneath the electrode. Heat does hardly flow into the air since air is a good insulator. The 
temperature fluctuation in the Au electrode is influenced by the degree in which heat flows into the 
PEDOT:PSS layer. This is mainly influenced by the thermal conductivity of PEDOT:PSS. The temperature 
fluctuation in the electrode is coupled to the resistance of the electrode. The resistance, being 
temperature dependent, thereby fluctuates as well and because the current is fixed, the voltage over 
the electrode also fluctuates. This voltage is measured with a lock-in amplifier and is a measure of the 
thermal conductivity of PEDOT:PSS.16 

 
7.2 Experimental Setup 
To determine the thermal conductivity of PEDOT:PSS a measurement setup is used that consisted of a 
Wheatstone bridge. As described in section 3.6 the voltage over the sample does not only consists of a 
  -component     but also of a   -component    . The sample is the only component in the setup 
that also consists of a 3 -voltage. The value of this     is much smaller than the value of     and 
therefore hard to measure with a standard four point probe measurement. With the help of a 
Wheatstone bridge it is possible to make a setup with which this   -voltage can be measured. 
 
With an Agilent 33250A function generator and a Stanford Research Systems SR830 DSP Lock-In 
Amplifier it is possible to measure the small 3 -voltage. Figure 7.1 shows the electrical circuit with the 
Wheatstone bridge. The function generator is connected between the points A and D, the Lock-In 
Amplifier is connected between the points B and C. The adjustable resistance    is then adjusted until 
the 1 -component of the voltage     is equal to zero. The    component of     is still present in the 
voltage signal and can now be measured with the Lock-In Amplifier.  
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Figure 7.1   Schematic representation of the electrical circuit of the Wheatstone bridge as it is used in the measurements in 
this report. A Lock-In Amplifier is used to determine the   -voltage over the sample. 

 
With this method the 3 -component of     is measured. With this value the actual     over the sample 
can be calculated with equation 3.11. The part of the electrical circuit where the sample is situated is 
shown in figure 7.2. The two contacts on the electrode are connected to the rest of the Wheatstone 
bridge on the points A and C shown in figure 7.1. In a similar way as during the Seebeck measurements 
of chapter 6, the sample is placed in the sample holder. This sample holder is placed on top of a small 
fan which provides air flow along the sample holder to improve the heat dissipation. Both the sample 
holder and the fan are not represented in figure 7.2.  
 

 
Figure 7.2   Schematic representation of the PEDOT:PSS sample with only one Au electrode. Both the sample holder and the 
fan are not represented in this image.  
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(8) Conclusion 
 
The electrical conductivity of PEDOT:PSS depends on the PEDOT to PSS ratio. For PEDOT to PSS ratios 1 
to 20, 1 to 12, 1 to 6 and 2 to 5 the conductivity seemed to show a powerlaw increase. This is explained 
with the 1D variable range to hopping model in which charge transport is a hopping like phenomenon. 
When the PEDOT to PSS ratio is increased, more PSS filaments with PEDOT sites are present in the layer. 
This results in more percolating paths for the charge flow which leads to a higher conductivity. The 
Seebeck coefficient, which is a measure for the average hop that a charge needs to make, seems to be 
unrelated to the PEDOT to PSS ratio. The number of percolating paths is influenced by the ratio but, the 
average hop in these paths is not necessarily influenced.  
 
For the samples that are not treated with a HBS, a significant enhancement of the electrical conductivity 
is observed when these samples are treated with a HBS. The Seebeck coefficient decreases due to the 
processing with a HBS. During spin-coating of the PEDOT:PSS layer the HBS remains longer in the film 
than water. The time during which the solvents are evaporated and the layer is formed is thereby 
elongated. This may allow for small conformational changes. These changes could either be a smaller 
spread in conductivity or a larger connectivity of the PEDOT populated PSS filaments. This larger 
connectivity results in a higher conductivity since the most difficult hop gets easier. Tough the Seebeck 
coefficient decreases a little because the average hop is also slightly easier. 
 
The sulfuric acid treatment resulted in a decrease of the thickness of the samples which was related to 
the PEDOT to PSS ratio. During this treatment almost all of the PSS is removed from the PEDOT:PSS 
layer. The acid treatment results in an increase in the electrical conductivity and also an increase in the 
Seebeck coefficient. The removal of the insulating PSS results in an easier most difficult hop of the 
percolating path through the PEDOT:PSS layer. This explains the enhancement in the conductivity. The 
increase in the Seebeck coefficient is due to an increase of the disorder in the system.  
 
The PEDOT:PSS solution with a PEDOT to PSS ratio of 2 to 5, after the treatment with a H2SO4 solution, 
gave the highest value of the power factor in the figure of merit   . With a Seebeck coefficient of 
          and an electrical conductivity of               it gave a power factor of         

            . The thermal conductivity of this sample was not measured yet, but a description for the 
setup for these measurements is provided in this report.  
 
  



Bachelor project Max Scheepers 
 

42 
 

(9) Outlook 
 
The aim of this research was to determine the figure of merit    for different solutions of PEDOT:PSS. 
The thermal conductivity measurements need therefore still to be performed. A description of the setup 
for these measurements is given in chapter 7 of this report. After these measurements it possible to 
calculate the figure of merit    at room temperature for PEDOT:PSS with four different PEDOT to PSS 
ratios, with and without a HBS and before and after a H2SO4 treatment. 
 
The treatment with a solution of H2SO4 can still be optimized. The location of the H2SO4 droplets on the 
sample, the number of droplets,  the length of the treatment and the temperature of the hotplate can 
all influence the quality of the treatment of the sample. 
 
A last future measurement is treating all the samples again with a H2SO4 solution and measuring the 
Seebeck coefficient, the electrical conductivity and the thermal conductivity. Not only the length of the 
treatment but also the number of repetitions can influence the parameters and may thereby lead to a 
higher figure of merit. 
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