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Abstract 

Organic semiconductors offer the potential for low-cost production of flexible devices and are 

already used in a variety of applications. Some of the best-performing organic semiconductors are 

polymers whose core moiety is diketopyrrolopyrrole (DPP). In this research the electronic properties 

of two different molecular weights of poly(terthiophene–DPP) (Mn = 130 000 g/mol and Mn = 70 000 

g/mol) are studied using field-effect transistors. The hole mobility in the long polymer is observed to 

rise more quickly with increasing gate bias than in the short polymer. However, at higher gate biases 

the hole mobilities in both polymers converge to roughly equal values. Furthermore, a bump in the 

mobility curves of the long polymer has been observed at lower gate voltages. These observations 

are tentatively explained. The variable-range-hopping model and the mobility-edge model are fitted 

to the measurements. For the long polymer they give similarly good fits, whereas for the short 

polymer only the variable-range-hopping model fits the data. Using the best-fit, these models are 

used to predict the polymers' gate-bias- and temperature-dependent Seebeck coefficient. 

Furthermore, the effect of the main fitting parameters on the behavior of the Seebeck coefficient has 

been studied.  
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1 Introduction 

Organic semiconductors are carbon-based materials with a non-zero band gap, roughly in the range 

of 1–2.5 eV. They are used in a variety of applications, such as photovoltaic cells, light-emitting 

diodes, and field-effect transistors.[1] Organic semiconductors offer the potential for quick and low-

cost production of flexible devices.[2] Organic field-effect transistors currently reach performances 

similar to those based on amorphous silicon.[2] Their semiconducting properties are directly related 

to the molecular ordering, molecular weight, and purity.[2]  

Many of the best-performing organic 

semiconductors are polymers whose core moiety 

is diketopyrrolopyrrole (DPP).[2] The general 

structure of such DPP-based polymers is depicted 

in Figure 1. DPP-based polymers have very high 

charge-carrier mobilities because they tend to 

aggregate favorably for charge transport.[2] As 

depicted in Figure 2, thiophene–DPP polymers are 

almost fully coplanar, with the thiophene units 

rotated only by 12° with respect to the DPP unit.[2] 

This makes it possible for the individual polymers to 

stack well. The π electrons of different filaments can 

overlap, which leads to binding between filaments. This 

improves their ordering, which in turn is beneficial for 

the charge-carrier transport through the material.[2]
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The general structure of DPP-based polymers. 

Figure 2: Predicted conformations of dithienyl-DPP in 
front view (top) and side view (bottom) showing the 
small torsional backbone twist in a dithienyl-DPP 
moiety (12° dihedral angle). 
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Among the best-performing DPP-based polymers are those that include thiophene moieties, such as 

poly(thienothiophene–bithiophene–DPP), poly(quaterthiophene–DPP), and poly(terthiophene–DPP), 

whose structural formulae are depicted in Figure 3. The terthiophene units of poly(terthiophene–

DPP) introduce additional planarity that is beneficial for its molecular packing and therefore the 

charge-carrier mobility.[3] In this research the electronic properties of poly(terthiophene–DPP) with 

thiophene end moieties (Figure 4) are studied by using them as the semiconductor in field-effect 

transistors. The effect of the molecular weight is studied by comparing two different molecular 

weights: Mn = 130 000 g/mol and Mn = 70 000 g/mol. 

Furthermore, the variable-range-hopping model and the mobility-edge model are fitted to the 

measurements. Using these models predictions of the polymers' gate-bias- and temperature-

dependent Seebeck coefficient are made. 

 

 

  

Figure 3: The structural formulae of poly(thienothiophene–bithiophene–DPP) (left), poly(quaterthiophene–DPP) (center), and 
poly(terthiophene–DPP) (right). 

Figure 4: Poly(terthiophene–DPP) with thiophene end 
moieties. 



6 
 

2 Theory 

2.1 Charge-transport models 

The two most commonly used models to describe charge-carrier transport in disordered or semi-

disordered materials such as DPP-based polymers are the mobility-edge model and variable-range 

hopping.  

2.1.1 Variable-range hopping 

In the variable-range-hopping model charge carriers are assumed to hop from site to site through 

thermal activation. Variable-range hopping is illustrated in Figure 5. The closer a site is in terms of 

energy and position, the more probable a hop to that site will be. The probability of a hop decreases 

exponentially with the spatial distance between the two sites. If the hop is upward in energy the 

probability also decreases exponentially with the energy difference between the two sites. If the hop 

is downward in energy, its probability will be independent of the energy difference. The hopping 

probability p from a site i with energy Ei to a site j with energy Ej is given by: 

     {        
  
     
   

                      

               

               
 (1) 

with rij the spatial distance between the two sites,[4] kB the Boltzmann constant, and α the inverse 

localization distance[4][5], which is the inverse of the decay length of the charge carrier's wave 

function, i.e. the characteristic length over which the square of the charge carrier's wave function 

decays.[6] 

The hopping rate is directly proportional to the hopping probability: 

         (2) 

with ν0 the hopping-attempt frequency. It is also called the phonon-vibration frequency[7] and can be 

interpreted as follows: As the lattice vibrates with a higher frequency the charge carrier will be 

'kicked' more often by phonons and hence will attempt to hop more often. 

Variable-range hopping considers only the easiest 

path a charge carrier can take, i.e. the most 

conducting path. Over a conducting path the most 

difficult hop will be the rate-limiting one. The 

variable-range-hopping model does, therefore, not 

consider hopping to sites that are close in both 

energy and space, because these do not limit the 

rate at which the charge-carriers can hop through 

the material. Variable-range hopping approximates 

the conductivity of the material by the conductivity 

of the most conducting path. This is a first-order 

approximation of the conductivity, but the 
Figure 5: Illustration of variable-range hopping. 
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approximation is quite good. The resulting conductivity is directly proportional to the probability of 

the most difficult hop:[1][5] 

      
      

 
  
    (3) 

with σ0 a conductivity prefactor and Δx and ΔE the spatial and energetic distance between the sites 

of the most difficult hop. 

Charge carriers with energies near the Fermi level see relatively many empty sites to which they can 

hop, and therefore charge transport takes place around the Fermi level. The amount of energy 

charge carriers typically hop over is ΔE. The energy level to which charge carriers from the Fermi level 

typically hop is called the transport energy E*[5] and is thus given by: 

         . (4) 

A higher temperature means that, on average, charge carriers have more energy to make a hop. E* is 

therefore temperature-dependent in the variable-range-hopping model. The number of states per 

unit volume to which a charge carrier at the Fermi level can hop is that between the Fermi level and 

the transport level: 

    ∫  ( )  

  

  

  (5) 

with g(E) the density of states in a material, i.e. the number of quantum-mechanical states per unit 

energy and unit volume. bC is called the critical number of bonds per unit volume. The number of 

sites a charge carrier can hop to is then 

    
 

 
       

 

 
    ∫  ( )  

  

  

  (6) 

with Δx the typical distance over which a charge carrier can hop. BC is called the critical number of 

bonds.[5] For the easiest path, BC should be on the order of unity.[4] If it is lower, there will be no 

complete path over which charge carriers can hop. If it is much higher, then the charge carriers can 

take an easier path by making spatially closer hops. The exact number of available hopping sites must 

be somewhat higher than 1 to make sure that 

the charge carrier does not encounter a dead 

end somewhere. Typical required values are BC = 

2–3. 

The density of states in a material is the number 

of quantum-mechanical states per unit energy 

and unit volume. Its shape is important, because 

it determines the position of the Fermi and 

transport energy. Two commonly used shapes for 

the density of states are an exponential function 
Figure 6: Because they are missing electrons, holes fill up their 
density of states with higher energies first. 
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of energy and a Gaussian with an exponential tail.[5] Note that holes are missing electrons. The 

density of states is therefore filled up with higher energies first, because electrons with the highest 

energies will be removed first. An exponential density of states for holes is given by: 

     ( )  {
  
    

 
  

 
               

                                

 (7) 

with n0 the total number of states per unit volume and T0 the characteristic temperature or the 

'width' of the exponential. The density of states below zero energy is taken to be zero in order for the 

distribution to remain finite. The density of states can only be cut off this way when states below 

zero energy are far beyond the Fermi level (i.e. EF >> 0) and therefore would have a negligible 

contribution to the conductivity anyway. There are more states available as the density of states for 

holes is filled up, hence the minus sign in the exponent of eq. (7). 

A Gaussian density of states is considered more realistic than an exponential one for a material's 

intrinsic density of states.[8] An exponential tail is added to take the effects of the other device 

components into account. The exponent is added symmetrically on both sides of the Gaussian so that 

the exponential does not explode and that the density of states is continuous. Adding an exponential 

tail on the low-energy side does not significantly affect the result because for holes it is far beyond 

the Fermi level. The resulting density of states is illustrated in Figure 7 and given by 

       ( )  
      

      √  
 
  

  

       
  

    
    

 
  
| |
      (8) 

with σGauss the width of the Gaussian distribution and nGauss the total number of states per unit 

volume in the Gaussian of the distribution and nexp the number of states per unit volume in one of 

the exponential tails. The total number of states added by the exponential term is thus 2nexp.  

 

 

 

 

 

 

 

 

 

 

Figure 7: Illustration of a Gaussian density of states with exponential tails, 
eq. (8), and its two individual terms. 
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2.1.2 Mobility-edge model 

Whereas variable-range hopping assumes that hopping between localized states contributes to the 

charge transport through the material, the mobility-edge model assumes that their contribution is 

negligible.[5] Instead, it assumes that the localized states act as traps for the charge carriers and that 

beyond a certain energy level EC, called the mobility edge, the states are delocalized and the charge 

carriers are very mobile, i.e. there is band-like conduction. To contribute to the charge transport, 

charge carriers must be thermally promoted to states beyond the mobility edge. In the conduction 

band beyond the mobility edge, the charge carriers are usually assumed to have a finite 

temperature-independent mobility μ0.
[5][9] The mobility-edge model is illustrated in Figure 8. 

 

 

 

 

 

 

 

 

 

The usual assumed form of the density of states in the mobility edge is an exponential below the 

mobility edge and a constant beyond it.[5] At the mobility edge the density of states is assumed to be 

continuous.[5] Because holes fill up the density of states with higher energies first, the mobility edge 

should be located at lower energies than the trap states, as illustrated in Figure 8(b). Hence, the 

density of states for holes in the mobility-edge model is given by: 

  ( )  

{
 
 

 
      

    
 
  

 
                

     
    

 
  
  
                

 (9) 

with ntrap the total number of trap states per unit volume below the mobility edge. 

The fraction of the density of states of electrons that is occupied is given by the Fermi–Dirac 

distribution 

  (    )  
 

 
    
     

   (10) 

Figure 8: Illustration of the mobility-edge model a) for electrons, 
b) for holes. 
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The temperature dependence of the Fermi–Dirac distribution is illustrated in Figure 9. 

 

 

 

 

 

 

 

 

 

Because holes are missing electrons, the fraction of states occupied by holes is simply the fraction 

not occupied by electrons: 

  (    )    
 

 
    
     

 (11) 

This is simplifies to: 

   (    )  
 
    
   

 
    
     

 
 

   
    
   

 (12) 

 The density of states occupied by holes is then the product of the density of (total) states and the 

Fermi–Dirac distribution for holes: 

  ( )  (    )   ( )
 

 
    
     

 (13) 

The total charge-carrier density in a material is obtained by integrating the density of occupied states 

over all possible energies, which for electrons is: 

    ∫  ( ) (    )  

  

  

 ∫
 ( )

 
    
     

  

  

  

 (14) 

The number of mobile charge carriers is obtained by integrating the number of occupied states over 

all energies beyond the mobility edge,[9] which for electrons is: 

Figure 9: Temperature dependence of the Fermi–Dirac 
distribution. 
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 (15) 

And for holes: 

    
  ∫  ( )  (    )  

  

  

 ∫  ( )
 

 
    
     

  

  

  

 (16) 

For a constant density of states beyond the mobility edge, the expression for holes simply reduces to 

    
  

     
    

 
  
  
    ∫

 

 
    
     

  

  

  

 (17) 

If the mobility edge is far beyond the Fermi level (i.e. EC << EF for holes), this expression can be 

approximated by 

     
  

     

    
 
  
  
    ∫

 

 
    
   

  

  

  

 
     

    
 
  
  
    ∫  

    
     

  

  

 (18) 

And hence the number of mobile holes is approximately 

     
       

 

  
 
  
  
     

     
    (19) 

The total number of charges equals those that are trapped plus those that are mobile, hence 

              (20) 

The measured mobility equals the product of the fraction of charge carriers above the mobility edge 

and their mobility (μ0):
[5] 

       
    

          
 (21) 
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2.2 Seebeck effect 

In general, a temperature gradient in a material containing free charge carriers leads to a small 

voltage difference between the hot and cold sides of the material.[5] This is called the Seebeck effect 

and is illustrated in Figure 10. 

 

 

 

 

 

 

The ratio between the resulting voltage, the thermovoltage, and the temperature difference over the 

material is called the Seebeck coefficient: 

   
  

  
 (22) 

Under equilibrium, i.e. ΔT = 0, no thermovoltage will be generated.[5] To understand why a 

thermovoltage is generated, one has to look at the energy dependence of the density of states of the 

material. 

The fraction of the density of states that is occupied is given by the Fermi–Dirac distribution, eq. (10) 

and (11). The density of occupied states is then the product of the density of (total) states and the 

Fermi–Dirac distribution. The total charge-carrier density in a material is given by integrating the 

density of occupied states over all possible energies, eq. (14) or (19) for electrons and holes, 

respectively. 

To maintain a constant charge-carrier density, EF may need to be different at different temperatures. 

If the density of states is independent of energy, EF remains the same for all temperatures. However, 

usually the density of states is not constant and hence EF varies with varying temperature and the 

magnitude depends on the steepness of the density of states, which is illustrated in Figure 11 for an 

exponential density of states.[5] 

Figure 10: Illustration of the Seebeck effect. 
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Electrons diffuse from the side with the higher Fermi level to the side with the lower Fermi level. This 

locally changes the charge-carrier density and creates an effective charge on the material over which 

the temperature gradient exists. This produces an electric field in the material and hence a voltage 

difference over it. 

Holes are associated with a positive Seebeck coefficient, whereas electrons are associated with a 

negative Seebeck coefficient. A decreasing density of states instead of an increasing one inverts the 

sign of S.[5] 

 

2.3 Field-effect transistors 

To obtain information about the electronic properties of DPP-based polymers, the polymer can be 

embedded in a field-effect transistor. A typical field-effect transistor consists of a gate electrode, a 

dielectric layer, and a semiconductor layer between source and drain electrodes,[10] as depicted in 

Figure 12. The conductivity of the semiconductor is controlled using an electric field generated by 

applying a voltage to the gate. Field-effect transistors can structurally be divided into four types 

depending on where the gate and source and drain electrodes are located: top-gate–bottom-contact 

(TGBC; Figure 12), top-gate–top-contact (TGTC), bottom-gate–top-contact (BGTC), bottom-gate–

bottom-contact (BGBC).[10] 

Applying a voltage to the gate electrode causes accumulation of 

charge carriers near the electrode's interface with the dielectric. 

This, in turn, causes the accumulation of charge carriers of the 

opposite polarity in the semiconductor that is closest to the 

gate (i.e. at the semiconductor–insulator interface). These 

accumulated charge carriers then contribute to the conduction 

through the semiconductor. The larger the applied gate voltage, 

the more charge carriers accumulate. The layers of accumulated 

charge carriers in the semiconductor and the gate electrode 

together form a typical capacitor. Hence, there is a capacitance 

Cg associated with these accumulated charge carriers, which is 

per unit area given by: 

DPP

substrate

source drain

cytop

gate
+ + + + + + + + + + + + + + + + +

Figure 12: A typical structure of a field-effect 
transistor. Applying a voltage to the gate causes 
accumulation of charge carriers. 

Figure 11: Illustration of a difference in the Fermi level due to a difference in temperature. 
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 (23) 

with ϵ0 the electrical permittivity of vacuum, ϵr the relative permittivity of the dielectric, and ddiel the 

thickness of the dielectric. 

When there is no voltage difference present between the source electrode and the drain electrode, 

the transistor is symmetrical with respect to the source electrode and the drain electrode. Hence, a 

voltage applied to the gate electrode will cause a constant distribution of accumulated charge 

carriers (Figure 13(a) for electrons).When the drain voltage is increased, the voltage difference 

between the gate electrode and the drain electrode is lower and hence fewer charge carriers 

accumulate in the semiconductor near the drain electrode (Figure 13(b) for electrons). When the 

drain voltage is increased to equal that of the gate, no charge carriers accumulate at the drain–

semiconductor interface (Figure 13(c) for electrons).  

If the semiconductor can only accumulate one type of charge carriers (i.e. only electrons or only 

holes), increasing the drain voltage further, changes little compared with the situation in which the 

drain voltage equals the gate voltage. Only a very small section of the semiconductor near the drain 

will lack accumulated charge carriers, because it has a very low conductivity and hence a very large 

voltage drop associated with it (Figure 13(d) for electrons). If the semiconductor can accumulate 

both types of charge carriers, the other type of charge carriers accumulates near the drain instead, 

see Figure 13(f). 

If the semiconductor can only accumulate one type of charge carriers (i.e. the semiconductor is 

unipolar), then charge carriers will only accumulate when the voltage applied to the gate is of the 

required polarity: positive for electrons and negative for holes (Figure 13(e) for electrons). If the 

semiconductor can accumulate both types of charge carriers (i.e. the semiconductor is ambipolar), 

switching the gate polarity will simply cause the accumulation of the other type of charge carrier. 

Ideally, all the current flowing through the transistor does so between the source and the drain and 

none of it to or from the gate.  
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The current through a field-effect transistor Isd is like that a typical Ohmic resistance: 

    
        

 

   
    

 

 
 (24) 

with Vd the drain voltage (which equals the voltage over semiconductor channel, because the source 

voltage is always set to 0 V), Rsd the resistance of the semiconductor channel, σ the conductivity of 

the channel, W the width of the channel, and L the length of the channel. The conductivity of a 

material is given by the total density of mobile charge in the material times its mobility: 

         (25) 

with e the elementary charge (1.602 · 10-19 C), n the charge-carrier density, and μlin the mobility of 

the charge carriers (in units of cm2/Vs).[10] 

The density of accumulated charge carriers n in the transistor is given by the capacitance of the gate: 

   
    

 
 (26) 

and hence: 

    
                

 

 
 (27) 

In a non-ideal transistor some charge carriers may get trapped at the dielectric–semiconductor 

interface. It then takes a certain voltage before the first mobile charges are accumulated, and 

therefore before the transistor becomes conducting. Hence         , with VT the threshold 

voltage, the voltage at which the transistor just becomes conducting (which is when mobile charges 

first appear in the semiconductor channel).[9] 

Therefore, the current through a non-ideal transistor is given by[10] 

a) 

 

b) 

 

 

c) 

d) 

 

e) 

 

 

f) 

Figure 13: Pattern of accumulation of charge carriers depending on the type of semiconductor and on the applied voltages. 
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       (     )      
 

 
 (28) 

In general VT is unknown and therefore this expression cannot be used to determine the charge-

carrier mobility. The threshold voltage can be eliminated from this expression by differentiating the 

current with respect to the gate voltage: 

 
    
   

         
 

 
 (29) 

Thus, the charge-carrier mobility can be calculated using[9] 

      
    

   

 

     
. (30) 
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3 Experimental setup 

3.1 Device fabrication 

The samples were made by first depositing the source and drain electrodes onto a glass substrate (3 

nm Cr and 60 nm Au) using physical vapor deposition. The Cr makes the contacts stick to the glass 

substrate. Then, the organic semiconductor poly(terthiophene–DPP) (WP57), dissolved in chloroform 

2 mg/ml, was spin coated at 1000 rpm and annealed at 200°C for 15 minutes. The cytop gate 

dielectric, dissolved in a cytop-specific solvent, was spin coated at 1000 rpm and annealed at 120°C 

for 15 minutes. Finally, Au gates of 100 nm thick were deposited on top using physical vapor 

deposition. The resulting transistors are top-gate–bottom-contact transistors, as depicted in Figure 

14. The structural formula of cytop (poly(perfluorobutenylv nylether)) is depicted in Figure 15. 

 

 

 

 

 

 

3.2 Measurement setup 

The experiments were performed in a Janis Research ST-500-2 probe station with a built-in cryostat 

and controlled by a Keithley 4200 SCS source-measure unit. The source, drain, and gate electrodes 

were controlled by their own source-measure unit (SMU). The voltage to each electrode is applied 

relative to the ground. A current flowing from the source electrode to the drain electrode will show 

up at the source and drain SMUs as equal currents with opposite sign. The sample was placed 

horizontally in the probe station and its temperature was measured by clamping a Si-diode sensor on 

top of the sample. The measurement setup is shown in Figure 16. 

The currents were measured by sweeping the gate voltage at constant drain voltage and the linear 

charge-carrier mobility is calculated using eq. (30). 

Figure 16: The measurement setup; left: an overview of the Janis ST-500-2 probe station, right: a sample placed inside the probe 
station and a temperature sensor squeezed on top of it. 

PTDPP 

substrate 

source drain 

cytop 

gate 

Figure 14: A top-gate–bottom-contact 
transistor. 

Figure 15: The structural formula of 
poly(perfluorobutenylvinylether) (cytop). 
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3.3 Problems encountered 

3.3.1 Gate leakage 

The gate current has to be sufficiently low to avoid significantly affecting the measured source and 

drain currents. The gate current will flow partly to or from the source and partly to or from the drain, 

with the relative proportion in principle unknown. If the gate current is too large, the measured 

source and drain currents can be even larger than the actual source–drain current. The linear charge-

carrier mobility can be calculated using either the measured source current or the measured drain 

current. The gate current is sufficiently low if the values calculated in either way are comparable. 

During the experiments, however, the gate current was often on the order of the source and drain 

currents, making those transistors useless for the mobility calculations. An example of an I–V transfer 

curve with too high gate current is shown in Figure 17. In this measurement, the first mobility 

calculated using the drain current gives μh = 0.67 cm2/Vs and the first mobility calculated using the 

source current gives μh = 0.44 cm2/Vs, which means that even the first digit is not reliable. 

The reason for such high currents is probably that the probe needle used to contact the gate 

electrode punctures the cytop dielectric into the semiconductor layer, as illustrated in Figure 18. This 

makes it as easy for charge-carriers to conduct to and from the gate contact as to and from the 

source and drain contacts. 

To solve the leakage caused by puncturing the dielectric, a droplet of silver paint was put on top of 

each of the gate electrodes. The probe needles do not puncture the silver paint, but instead stay on 

top of it. Examples of sufficiently low gate currents at negative gate biases are shown in Figure 19. On 

the left an example is shown with a gate current below the measuring precision, and on the right an 

example is shown with a higher, but still sufficiently small gate current. 

 

 

 

 

 

 

 

 

 

Figure 18: Cartoon of the probable explanation for 
the very high gate leakage current: the probe needle 
piercing through the dielectric into the 
semiconductor. 

OSC 

substrate 

source drain 

dielectric 

gate 

 

 

Figure 17: Gate current that is too high to accurately 
calculate the charge-carrier mobility. 
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3.3.2 Asymmetric transistor 

Another problem that was encountered was that several transistors did not conduct the same 

amount of current when the source and drain electrodes were swapped. This is illustrated in Figure 

20. In this report we will only show the results obtained by measuring in the direction in which the 

current was largest. 

  

Figure 19: Sufficiently low gate currents at negative gate biases; left: gate current below the measuring precision, right: still 
small enough gate current not to significantly affect the calculated charge-carrier mobility. 

Figure 20: Drain current that did not remain the same when the 
source and drain electrodes were swapped. 
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4 Results and discussion 

The short polymer (Mn = 70 000 g/mol) was measured in two different transistors (channel width of 

both was 2 mm and channel lengths were 20 and 30 μm) at various temperatures between 94 K and 

380 K. The long polymer (Mn = 130 000 g/mol) was also measured in two different transistors 

(channel width of both was 1 mm and channel lengths were 70 and 100 μm) at various temperatures 

between 95 K and 380 K.  

4.1 I–V transfer curves 

The long polymer was measured by sweeping the gate bias from −80 V to 100 V and back, while 

keeping the drain voltage fixed at −20 V and −40 V and the sample's temperature constant. The short 

polymer was measured by sweep ng the gate b as  rom −140 V to 10 V and back, while keeping the 

drain voltage fixed at −10 V, −20V, −30 V, and −40 V and the sample's temperature constant. 

To look for contact resistance and check whether the chosen drain voltages could be used in the 

actual measurements, the drain voltage was swept while keeping the gate bias constant, see Figure 

21. The drain current does not change linearly with drain voltage around Vd = 0 V, so the transistor 

suffers from contact resistance. It does so at both room temperature and 105 K.  

Typical measured transfer curves are shown in Figure 22 for both polymer lengths at four different 

temperatures. As expected, the current through the transistor is higher at higher temperatures. For 

the long polymer the gate voltage was not only swept to high negative voltages, but also to high 

positive values. It can be seen that it takes much higher positive gate voltages, where the 

semiconductor accumulates electrons, than it takes negative gate voltages, where the semiconductor 

accumulates holes, before the transistors starts to conduct. This is due to the a large electron 

injection barrier into the semiconductor from the Au source and drain electrodes.[11] 

 

 

Figure 21: Typical drain sweeps of a transistor with the short polymer at two different temperatures (left: 105 K; right: 273 K). 
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4.2 Measured charge-carrier mobility 

The charge-carrier mobilities are calculated from the I–V transfer curves from the measurements 

using eq. (30). The hole mobilities calculated from the measurements at 95 K, 150 K, 273 K, and 380 K 

are plotted in Figure 23 for both the long polymer (blue) and the short polymer (purple). The 

maximum observed mobilities are shown in Table 1.  

As expected, the hole mobility increases with increasing temperature. In the variable-range-hopping 

model at higher temperatures, holes have more thermal energy to make hops to sites higher in 

energy, which makes it easier to avoid difficult hops in space and hence increases their effective 

mobility. In the mobility-edge model at higher temperatures, more holes are thermally promoted to 

above the mobility edge so that more holes contribute to the conduction, which increases their 

effective mobility.  

The observed hole mobility also tends to increase with increasingly negative gate bias. In both the 

variable-range-hopping model and the mobility-edge model the charge-carrier mobility increases 

with increasing or increasingly negative gate bias due to filling of non-conductive or poorly 

conductive electronic states increases. 

Table 1: Observed maximum hole mobilities in the long and short polymer and the corresponding gate bias 

T (K) 95 150 273 380 

long 
max mum μh (cm2/Vs) 6.85 · 10-4 0.03 0.57 1.3 

gate bias (V) −28 −28 −20 −18 

short 
max mum μh (cm2/Vs) 9.90 · 10-4 0.013 0.34 0.6 

gate bias (V) −138 −138 −70 −64 
 

Figure 22: Typical transfer curves for the long polymer (left) at several temperatures and the short polymer (right) at several 
temperatures. 
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Figure 23: Mobility curves calculated from the measurements at 95 K, 150 K, 273 K, and 380 K for both the long polymer 
(blue) and the short polymer (purple). 

 

At low gate biases, the observed hole mobilities in the long polymer rise more quickly with increasing 

gate bias than those in the short polymer. At higher gate biases the hole mobilities in the long and 

short polymers converge to roughly equal values. 

The difference between the long and the short polymer 

at low gate biases could be a result of a different 

density of states. It takes higher gate biases to fill up a 

bigger exponential tail of poorly conducting states than 

a smaller one. So, if the short polymer has a bigger 

exponential tail, it would take higher gate biases to 

become conductive relative to the long polymer, which 

is what has been observed. Therefore, the main 

difference between the densities of states of the long 

and the short polymer is tentatively proposed to be the 

existence of more trap states in the short polymer, as 

illustrated in Figure 24.  

Furthermore, a bump in the mobility curves of the long 

polymer at lower gate voltages has been observed. 

There are several possible explanations for this bump. 

One possible explanation is the existence of contact 

resistance. Because the resistance of the 

semiconductor channel decreases as the gate voltage 

increases but the resistance due to the contacts 

remains the same, contact resistance becomes more 

Figure 24: The tentatively proposed form of the density of 
states for holes as a function of energy for the long 
polymer (blue) and the short polymer (dashed red). 
Because the charge-carriers are holes, the density of states 
will be filled from top to bottom with increasing gate 
voltage. 
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important at higher gate voltages. This reduces the apparent mobility at high gate biases. 

Another possible explanation is the existence of randomly oriented dipoles in the dielectric layer on 

top of the semiconductor, which broadens the density of states in the semiconductor close to the 

dielectric. More broadening occurs when the dielectric–semiconductor interface is more polarized. 

This broadening, in turn, leads to more states being poorly conducting trap states in the tail of the 

distribution, and hence lowers the charge-carrier mobility.[12] This effect is smaller, however, for low-

κ materials[12], such as cytop used here. 

A third possible explanation is what is called 'intermediate disorder', which is due to a moderate 

degree of disorder in the material and results from a competition of three effects. A change from 

three-dimensional to two-dimensional hopping reduces the availability of certain hopping pathways, 

and hence decreases charge-carrier mobility. Increased Coulomb repulsion due to the higher charge-

carrier density at higher gate voltages also decreases the charge-carrier mobility. Filling of less 

conductive electronic states increases the charge-carrier mobility.[8] 

None of the possible reasons for the observed bump in the mobility curves is included in the models 

used. Therefore, only the data points at high gate biases are used to fit the models to the data. 

 

4.3 Model fits  

Three models were fitted to the data by manually varying the fitting parameters: The mobility-edge 

model with an exponential density of states, variable-range hopping with an exponential density of 

states, and variable-range hopping with a Gaussian density of states and exponential tail states.  

The main fitting parameters are α-1 and σ0 from eq. (3) and T0 from eq. (7) for the variable-range-

hopping model with an exponential density of states; α-1, and σ0 from eq. (3) and T0, nexp, σGauss, and ntot 

= nexp + nGauss from eq. (8) for the variable-range-hopping model with a Gaussian density of states with 

exponential tails; and T0 and ntrap from eq. (9) for the mobility-edge model. All models also have the 

threshold voltage VT as a fitting parameter. 

The fitting parameters for each material and transistor at the different measured drain voltages are 

shown in Table 2. The fitting parameters vary little within every combination of polymer length and 

fitting model, as can be seen in the table and as shown in Figure 25 for the three main fitting 

parameters of the variable-range-hopping model with an exponential density of states.  

For the long polymer, all models give similarly good fits through the data points. For the short 

polymer, the mobility-edge model cannot fit the data, because it fails to show the correct 

temperature dependence. The variable-range-hopping model does fit the data, with either density of 

states about equally well.   
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Table 2: Best-fit parameters for the different data sets in the various models. 

VRHexp long polymer short polymer 
  shorter channel longer channel shorter channel longer channel 
Vg,min (V) −80 −140 
Vd (V) 20 40 20 40 10 20 30 40 10 20 30 40 

VT (V) 0 0 0 0 −5 0 0 0 0 0 0 0 

α-1 (m) 4.2 · 10-10 4.2 · 10-10 4.1 · 10-10 4.2 · 10-10 6.1 · 10-10 6.1 · 10-10 6.1 · 10-10 6.4 · 10-10 6.1 · 10-10 6.1 · 10-10 6.1 · 10-10 6.2 · 10-10 
T0 (K) 247 248 255 255 445 430 400 400 445 430 410 400 

σ0 (Ω-1m-1) 1.17 · 1010 1.30 · 1010 2.15 · 1010 2.01 · 1010 8.00 · 109 8.82 · 109 7.88 · 109 7.40 · 109 9.23 · 109 9.98 · 109 9.24 · 109 8.55 · 109 

             
             VRHexpG long polymer short polymer 
  shorter channel longer channel shorter channel longer channel 
Vg,min (V) −80 −140 
Vd (V) 20 40 20 40 10 20 30 40 10 20 30 40 

VT (V) −5 0 0 0 −5 0 0 0 −5 −5 −5 −5 

α-1 (m) 4.3 · 10-10 4.3 · 10-10 4.2 · 10-10 4.2 · 10-10 6.1 · 10-10 6.1 · 10-10 6.1 · 10-10 6.5 · 10-10 6.0 · 10-10 6.2 · 10-10 6.3 · 10-10 6.5 · 10-10 
T0 (K) 390 380 350 350 445 470 440 400 445 430 410 400 

nexp 6 · 1026 6 · 1026 6 · 1026 6 · 1026 7 · 1027 7 · 1027 7 · 1027 7 · 1027 7 · 1027 7 · 1027 7 · 1027 7 · 1027 

ntot 9 · 1027 9 · 1027 9 · 1027 9 · 1027 8 · 1027 8 · 1027 8 · 1027 8 · 1027 8 · 1027 8 · 1027 8 · 1027 8 · 1027 
σGauss 0.07 0.07 0.077 0.077 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

σ0 (Ω-1m-1) 3.19 · 1010 3.14 · 1010 6.05 · 1010 6.21 · 1010 1.28 · 1010 1.68 · 1010 1.77 · 1010 1.44 · 1010 1.67 · 1010 1.73 · 1010 1.72 · 1010 1.59 · 1010 

     
      

  
             ME long polymer short polymer 
  shorter channel longer channel shorter channel longer channel 
Vg,min (V) −80 −140 
Vd (V) 20 40 20 40 10 20 30 40 10 20 30 40 

VT (V) 0 0 0 0 −7 −7 N/A N/A N/A N/A N/A N/A 
T0 (K) 280 280 300 300 180 175 N/A N/A N/A N/A N/A N/A 

ntrap 1.4 · 1026 1.4 · 1026 1.3 · 1026 1.4 · 1026 2 · 1028 2 · 1028 N/A N/A N/A N/A N/A N/A 
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For the long polymer, the localization distance α-1 was found to be around 4 Å for both shapes of the 

density of states, and for the short polymer around 6 Å. For the long polymer in the variable-range-

hopping model, the characteristic temperature T0 was found to be around 250 K for an exponential 

density of states and between 350 K and 390 K for the Gaussian density of states with exponential 

tails. For the short polymer in the variable-range-hopping model, T0 was found to be between 400 K 

and 470 K for both densities of states, and for the long polymer in the mobility-edge model, T0 was 

found to be around 280–300 K. σ0 was found to be on the order of 1010 for either polymer length. 

σGauss was found to be around 0.07–0.08 for the long polymer and around 0.11 for the short polymer. 

The models could usually be fitted when setting the threshold voltage VT to 0 V. These values are 

physically reasonable. 

When fitting the short polymer in the variable-range-hopping model with a Gaussian density of 

states and exponential tails, most states had to be put into the exponent (nexp = 7 · 1027
 vs. nGauss = 1 · 

1027) to get a good fit. This means that adding a Gaussian to an exponential density of states did not 

improve the fit for the short polymer. For the long polymer most states could be put into the 

Gaussian, although the exponent still had to be relatively significant (nexp = 6 · 1026 vs. ntot = 9 · 1027). 

 

 

 

 

 

 

 

 

Typical fits for each combination for the long polymer are shown in Figure 26 and for the short 

polymer in Figure 27. On the left, an I–V curve is plotted for each model with model fits overlain. On 

the right the 1/T dependence of the current is plotted for each model at three gate voltages, −80 V, 

−62 V, and −42 V for the long polymer, and −140 V, −122 V, and −92 V for the short polymer. These 

three gate voltages are indicated in the I–V curves using arrows of the same colors as the data points.  

Figure 25: Plots of the three main fitting parameters (α
-1

, σ0, and T0) as a function of drain bias for the 
variable-range-hopping model with an exponential density of states. 
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Figure 26: Typical model fits of the various models for the long polymer. Top: the mobility-edge model; center: variable-range-
hopping model with exponential density of states; bottom: variable-range-hopping model with a Gaussian density of states and an 
exponential tail. All models fit the data similarly well. 
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For the short polymer the mobility-edge model is not accurate, and the variable-range-hopping 

models are indistinguishable. Therefore, the simpler model, variable-range hopping with an 

exponential density of states is preferred. Seebeck measurements could likely distinguish which of 

the two densities of states is more accurate.  

Figure 27: Typical model fits of the various models for the short polymer. Top: mobility-edge model; center: variable-range-hopping 
model with exponential density of states; bottom: variable-range-hopping model with a Gaussian density of states and an 
exponential tail. The mobility-edge model cannot be made to reasonably fit the data. 



28 
 

4.4 Seebeck coefficient  

4.4.1 Best-fit parameters 

The models can be used to predict the temperature and gate-bias dependence of the Seebeck 

coefficient. The predicted Seebeck coefficient as a function of gate bias and temperature using the 

best-fit parameters of each polymer and in each model are shown in Figure 28. Typically, the Seebeck 

coefficient decreases with increasing temperature and increasingly negative gate bias. In the 

mobility-edge model, this gate-bias dependence of the Seebeck coefficient is due to the shifting of 

the Fermi level EF towards the mobility edge EC with increasingly negative gate bias. In the variable-

Figure 28: The predicted Seebeck coefficients as a function of gate bias and temperature with the best-fit parameters 
used for the long polymer (left) and the short polymer (right) and in the variable-range-hopping model with an 
exponential density of states (top), in the variable-range-hopping model with a Gaussian density of states and 
exponential tails (center), and in the mobility-edge model (bottom). Temperature increases from 100 to 380 K in the 
direction of the arrow. 
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range-hopping model, the Fermi level for holes shifts down to where the density of states is larger. 

Therefore there are then more unoccupied states near the Fermi level to which holes can hop and 

hence the transport level E* shifts towards the Fermi level.[5], p. 81 

The Seebeck coefficient and its temperature dependence are bigger in the mobility-edge model, 

especially at relatively low temperatures, than they are in the variable-range-hopping model.  

 

4.4.2 Effect of the fitting parameters 

The effect the main fitting parameters on the predicted behavior of the Seebeck coefficient is studied 

by varying one parameter at a time. 

In general, increasing the localization distance α-1 decreases the temperature dependence of the 

Seebeck coefficient, regardless of the form of the density of states; compare Figures 29–31 top and 

bottom panels.  

As can be seen in Figure 29 (left and right panels), varying the characteristic temperature T0 has only 

Figure 29: The predicted Seebeck coefficient as a function of gate bias and temperature in the variable-range-hopping 
model with an exponential density of states for T0 = 280 K (left) and T0 = 430 K (right), and α

-1
 = 4.2 Å (top) and α

-1
 = 6.1 Å 

(bottom). Arrows indicate increasing temperature. 
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a very moderate effect on the Seebeck coefficient in the variable-range-hopping model with an 

exponential density of states. 

Adding a very small Gaussian to the exponential distribution of density of states has a pronounced 

effect on the behavior of the Seebeck coefficient at lower characteristic temperatures T0 (compare 

the left panel of Figure 30 with the left panel of Figure 29). The effect of the Gaussian in the density 

of states on the behavior of the Seebeck coefficient is larger for a larger Gaussian (compare Figure 31 

with Figure 30).  

When using a Gaussian density of states with exponential tails, the Seebeck coefficient may decrease 

with less negative gate bias, with the effect more pronounced for lower characteristic temperatures 

T0 and at higher temperatures (Figure 30 and Figure 31). Increasing the localization distance α-1 

decreases the temperature at which the Seebeck coefficient starts to decrease with less negative 

gate bias (Figure 30). 

Figure 30: The predicted Seebeck coefficient as a function of gate bias and temperature in the variable-range-hopping 
model with a Gaussian density of states and exponential tails for T0 = 280 K (left) and T0 = 430 K (right), and α

-1
 = 4.2 Å 

(top) and α
-1

 = 6.1 Å (bottom). σGauss = 0.07, nexp = 7 · 10
27

, and ntot = 8 · 10
27

. Arrows indicate increasing temperature. 
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Figure 31: The predicted Seebeck coefficient as a function of gate bias and temperature in the variable-range-hopping 
model with a Gaussian density of states and exponential tails for T0 = 280 K (left) and T0 = 430 K (right), and α

-1
 = 4.2 Å 

(top) and α
-1

 = 6.1 Å (bottom). σGauss = 0.07, nexp = 6 · 10
26

, and ntot = 9 · 10
27

. Arrows indicate increasing temperature. 
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In the mobility-edge model, the Seebeck coefficient and its temperature dependence are largest, 

especially at lower temperatures, and increase with increasing characteristic temperature T0 (Figure 

32). 

 

4.5 Suggestions for future research 

Temperature-dependent Seebeck-coefficient measurements should be performed to determine 

whether the mobility-edge model or variable-range-hopping model most accurately describes the 

charge-carrier transport in long poly(terthiophene–DPP) and to determine the shape of the density 

of states in both long and short poly(terthiophene–DPP) accurately.  

Future research could also study the electron mobility in poly(terthiophene–DPP) as a function of 

polymer length by using Ca source and drain electrodes instead of Au electrodes, because Ca has a 

much lower work function than Au. This should significantly reduce the electron injection barrier. 

Future research could also investigate the causes of the temperature-dependent bump in the 

mobility curves of the long polymer. The contact resistance could be measured by Kelvin probe 

microscopy or by measuring a series of channel lengths. The effect of dipoles in the dielectric could 

be determined by using different gate dielectrics, e.g. poly(methyl methacrylate) (PMMA). The effect 

of intermediate disorder could be determined by fitting I–V curves using models that include it. 

Future research could also compare the electronic structure of poly(terthiophene–DPP) with that of 

different DPP-based polymers, such as poly(quaterthiophene–DPP) or poly(thienothiophene–

bithiophene–DPP). The effect of polymer length for each of these other DPP-based polymers could 

also be studied to see whether they show a behavior similar to that of poly(terthiophene–DPP). 

  

  

Figure 32: The predicted Seebeck coefficient as a function of gate bias and temperature in the mobility-edge model for   
T0 = 280 K (left) and T0 = 430 K (right). Arrows indicate increasing temperature. 
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5 Conclusion 

In this research the electronic properties of two different molecular weights of poly(terthiophene–

DPP) (Mn = 130 000 g/mol and Mn = 70 000 g/mol) have been studied using field-effect transistors. 

The hole mobility in the long polymer has been observed to rise more quickly with increasing gate 

bias than in the short polymer. At higher gate biases the hole mobilities in both polymers converge to 

roughly equal values. A bump in the mobility curves of the long polymer has been observed at lower 

gate voltages. Several possible explanations for such a gate-bias dependence of the hole mobility 

have been suggested. 

The variable-range-hopping model and the mobility-edge model have been fitted to the 

measurements. For the long polymer they give similarly good fits, whereas for the short polymer only 

the variable-range-hopping model can fit the data. Using the best-fit parameters, these models are 

used to predict the polymers' gate-bias- and temperature-dependent Seebeck coefficient. 

Furthermore, the effect of the main fitting parameters on the behavior of the Seebeck coefficient has 

been studied. 
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