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Abstract 

 

 The implementation of organic thin film transistors into microelectronic devices 

hinges upon the development of organic semiconductors and gate dielectric materials.  In 

a working device, the place where the two materials meet is critical to device 

performance.  This buried interface between the organic semiconductor and the gate 

dielectric is notoriously difficult to characterize.  One way to probe this interface is 

through the use of attenuated total internal reflection Fourier transform infrared and near 

infrared spectroscopy (ATR-FTIR).  This method allows one to do optical spectroscopy 

on a working device and gain insight into the physical processes which occur at the 

semiconductor/dielectric interface during the application of voltage.  One example of 

such a process is the induction of charge in the organic semiconductor layer.  Charging of 

an organic semiconductor gives rise to distinct spectroscopic signatures which can be 

used to characterize properties intrinsic to the semiconductor.   

 For example, high charge carrier density can give rise to unique spectroscopic 

signatures which may be related to the Mott insulator to metal transition. Crystallinity 

affects the spectral signatures of charge carriers, and these effects can give insight into 

sources of energetic disorder in the solid.  Examining semiconductor charging also gives 

insight into the operating mechanisms of the dielectric material responsible for inducing 

charge carriers.  Dielectric materials using mobile ions have become attractive for use in 

organic thin film transistors because they allow low voltage transistor operation. The 

physical mechanisms for charge induction are distinguishable when in-situ optical 

spectroscopy is applied.  For example, the mobile ions in a dielectric material can 
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penetrate the bulk of the semiconductor film or stop at the semiconductor/dielectric 

interface depending on the size of the ion.  The rate of charging can be analyzed and used 

to estimate a material specific maximum operating speed of an electrochemical transistor.  

Using optical spectroscopy to examine the organic semiconductor/electrolyte dielectric 

interface gives insight into many aspects of device operation, many of which are critical 

to making organic thin film transistors a viable technology. 
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I. Introduction: brief overview 

 

 In order to establish an overall context for this thesis, a brief tour of the document 

is found on the next few pages.  The first section outlines the socio-economic motivation 

for organic semiconductor research as well as calling attention to some of the more 

general problems which will be addressed later in detail.  The experimental perspective 

from which problems and open questions will be addressed, is described in the next 

section.  Describing the overall notion of the research sets the stage for a more detailed 

discussion of the contents of the thesis, hopefully allowing the reader to get a clear 

picture of the direction taken throughout the remainder of the document. 

 

A) Motivating the thesis research  

  

 The field of organic semiconductor research is a broad and multidisciplinary in its 

character and draws the interest and expertise of a variety of researchers.  Interest in the 

field stems not only from the unique and interesting properties of these materials, but also 

from their broad applicability as cheap and flexible alternatives to the more traditional 

inorganic semiconductors employed today.  One example where organic semiconductor 

materials have reached the market is organic light emitting diodes.  These devices convert 

electrical power into light and are found in the displays of computer notebooks, cell 

phones, mp3 players, and televisions.[1,2] Other applications seem very near on the 



 

 2 

horizon.  Organic semiconductors are being considered for room lighting applications,[3]i 

and offer the possibility of cheap and effective solar cells which could lead towards 

energy independence from fossil fuels.[4]  However, many challenges remain which 

prevent the large scale implementation of all organic devices most notably, the 

development of high performance organic thin film transistor. 

 One, if not the most, critical electrical component in a digital device is the 

transistor.  This device can be switched from an insulating state (off) to a conductive state 

(on) by the application of an auxiliary voltage, making the basic ones and zeroes (bits) 

which form the instructions comprising the lowest level programming language.[5] Thus 

the implementation of an all-organic digital device will require organic transistors.   

 The realization of organic transistors which can operate at commercial 

specifications is not simply a technological question; it is also a scientific one.  The 

lessons learned by improving the operation characteristics of organic transistors apply 

broadly to all organic semiconductor devices; studies on transistors focus on the 

injection, removal and transport of charges, features shared by nearly all of the most 

important electrical components.  Of those features, charge transport is often the aspect 

most focused upon for two main reasons:  it is not completely understood, and the poor 

transport properties of organic semiconductors are one of the major hurdles in the 

commercialization of these materials.  For example, the hole mobility of rubrene single 

crystals[6] was measured to be ~15 cm2V-1s-1, as compared with the hole mobility of 

crystalline silicon,[7] which is 480 cm2V-1s-1.   However, the implementation of organic 

semiconductors as a low cost alternative to silicon technology will likely involve either 

vapor deposited or solution cast organic semiconductor films, not organic single crystals.  
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The benchmark for this type of material is amorphous silicon, which has a typical 

mobility of 1 cm2V-1s-1, comparing that with the mobility of a typical organic 

semiconductor thin film (0.1 cm2V-1s-1) shows that while organics are getting close, they 

are still in need of improvement. 

  Another hurdle to the commercialization of organic transistors in terms of 

materials development comes from the fact that a transistor is a single electrical 

component made up of many different materials.  One of the most important parts of a 

transistor, other than the semiconductor, is the gate dielectric material.  Switching a 

transistor from its insulating (off) to its conductive (on) state requires the ability to 

modulate the number of charge carriers in the active region of the device.  The efficiency 

of this process is, in large measure, related to the properties of the dielectric only.  Thus, 

research into dielectric materials for organic semiconductor devices is a key component 

to their eventual commercialization. 

 One material which is a promising candidate as a dielectric material in organic 

thin film transistors is a polymer electrolyte.  Briefly, a polymer electrolyte is comprised 

of a polymer matrix which contains mobile ion which can move under the force of an 

applied electric field.  Because the ions are mobile, they can distribute themselves in such 

a way so as to create a large electric field at the semiconductor interface.[8]  Thus, the 

material has a high capacitance and the possibility of low voltage, high performance 

transistor operation is opened.  However, polymer electrolytes add a degree of 

complexity to the organic transistor, making their investigation in that context 

worthwhile.   
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B) Research description 

 

 The research comprising this thesis is aimed towards improving our knowledge of 

the organic thin film transistor. This means understanding the properties of dielectric 

materials as well as the electronic properties organic semiconductors.  While the 

construction of better organic thin film transistors is the ultimate goal to which this 

research is directed, the methods employed are primarily spectroscopic, not electrical. 

 Spectroscopy uses the interaction of light with matter to understand the properties 

of matter.  As it will be seen, many of these properties are related to the mechanism of 

charge transport and injection, although they are not directly measurable by electrical 

means.  In other words, spectroscopy can provide a unique prospective into the 

mechanisms of an operating organic semiconductor device, and most importantly, help to 

discriminate between competing theories of device operation.  In particular, infrared 

spectroscopy is useful because much of the interesting electronic and vibronic structure 

within the material absorbs light of those frequencies. 

 In order to use spectroscopy to gain knowledge into device operation, it is 

important to simulate the conditions of an operating organic transistor during the 

experiment.  The very least that can be done in this regard is to induce carriers in the 

organic semiconductor by applying a voltage across a dielectric material.  Thus a basic 

description of the experiments performed during the thesis research emerges; build a 

device using an organic semiconductor and an electrolyte dielectric material and record 

spectroscopic observations while applying a voltage between them.  This technique is 

particularly useful and interesting because it probes an interface buried between two 
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materials.  This buried, and subsequently, electrified interface is not well understood, nor 

is it well characterized.    

 

C) Thesis overview  

 

 Prior to detailed discussions concerning the main topic of the thesis, a set of 

background concepts will be introduced in chapter II.  Because charge transport is a 

central topic in condensed matter physics, some basic concepts from that field will be 

introduced in section A, including segments on the Drude theory of conduction, the 

Fermi-Dirac distribution and free electron gas theory, band theory, and finally disordered 

semiconductor theory.   

 Further background sections (B,C) will focus on the organic semiconductors 

themselves, examining some of their basic physical and electronic properties.  In the 

current understanding, the relationship between small molecule organic semiconductors 

and polymer semiconductors has not been fully elucidated.  Thus, the two will be given 

separate sections, beginning with small molecule semiconductors.    

 Since the experiments undertaken here are primarily of a spectroscopic nature, the 

interaction of light with organic semiconductors will be explored in section D.  Emphasis 

will be placed on the absorptions most prevalent in the infrared, taking care to connect 

theories of charge carrier identity in solid state physics with their spectroscopic 

observables.   

 After important spectroscopic concepts are introduced, a brief description of three 

relevant electrical devices will be given in section E.  The purpose of this section is not to 
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give an authoritative account of the device physics, but rather to provide a simple 

description introducing device operation, along with the physical observables and the 

prevailing metrics used to describe device performance.   

 With the relevant background in place, chapter III will explain the details of 

experiments done throughout the course of the thesis research.  Part of this chapter is 

devoted to a thorough development of main experimental technique, attenuated total 

internal reflection Fourier transform infrared spectroscopy (ATR-FTIR).  The remainder 

of the chapter is written as a reference manual describing useful techniques  developed 

and/or consistently employed, largely as a guide to anyone wishing to use some of the 

same techniques. 

  The next four chapters cover the experimental results obtained throughout the 

course of this research.  The first question to answer about the system is “What is the 

mechanism of charge induction in at the organic semiconductor/electrolyte dielectric 

interface?” After that question is answered in chapter IV, questions relating to the 

kinetics of the charging process will be addressed in chapter V.  Attention will turn once 

again to the mechanism of charge induction in chapter VI, this time with a material 

showing qualitatively different behavior.  Once the properties of the electrolyte dielectric 

are reasonably well understood, focus is turned to the organic semiconductor side of the 

buried interface.  In chapter VII, questions about charge transport are addressed in the 

context of the insulator-metal transition.  Throughout the results section, one reoccurring 

theme emerges.  The relationship between charge carrier density, the neutral vibrational 

modes of the semiconductor molecule, and broad electronic absorptions in the mid and 

near infrared are investigated and used as a guide repeatedly. 
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II.  Background 

 

 This section presents a collection of concepts and results which form some of the 

broader context for the thesis research.  Because the length of this document is finite, a 

careful balance must be struck between variety and thoroughness.   In trying to strike this 

balance, one must exert some bias in not only the selection of topics, but the level of 

detail for each of the concepts included.  With that said, the background will begin by 

covering some of solid state physics.  More specifically, four of the most common 

theories of electronic structure and conduction will be outlined.  The next two sections 

will describe the organic semiconductors themselves, pointing out a few key results, 

materials, and theories.  The concepts developed in the first two chapters will then be 

examined from a spectroscopic perspective, in order to relate the spectroscopic results 

obtained to their relevant physical theories.  Finally, a few of the most relevant electrical 

systems and devices used and studied in the organic semiconductor field will be 

discussed in section E.  

 

A)  Relevant Concepts from Solid State Physics 

 

 Organic semiconductor research draws heavily upon concepts originally 

developed in condensed matter physics.  Although many of these concepts are somewhat 

elementary from the perspective of a physicist, they are anything but familiar to most 

chemists.  Therefore, a discussion is presented here covering some of the more frequently 

occurring ideas to provide an overall context for discussions concerning organic 



 

 9 

semiconductor properties.  The discussion will start with classical Drude model, then 

move to free electron gas theory, progressing to band theory and finally disordered 

semiconductor theory. 

 

A.1) Drude theory of electrical conduction 

 

 The Drude theory is an attempt to make Ohm’s law consistent with Newtonian 

mechanics and the fact that charge is quantized.  It is the simplest mechanistic theory of 

conductivity, and therefore has no trouble finding use in the context of organic 

semiconductors.  The conflict Drude theory tries to address is the results from 

considering the fact that an electron moving under the influence of a constant electric 

force should accelerate continuously according to Newton’s laws.  However, Ohm’s law 

describes a constant electric force generating a constant electric current.  To bring these 

theories into agreement with it is necessary to postulate the existence of some kind of 

friction that acts on the moving electrons.  This would ensure that upon the application of 

an electric field, electrons would rapidly reach a maximum velocity, also called the drift 

velocity (vd).  The measured current would then be the product of the density of 

conducting electrons (n), their charge (-e), and the drift velocity.  This allows Ohm’s law 

to be written in a way that considers quantized charge. 

(1) dnevEJ −== σ  

 The above expression is not entirely satisfying, however, because the drift 

velocity is both a material property and a function of the applied electric field.  A better 
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expression would factor out the electric field from the drift velocity.  The macroscopic 

material property this describes is called the mobility (m= vd/E).  

 Working out an expression for the mobility in terms of atomic scale events can be 

done in a straightforward fashion by assuming that an electron accelerates according to 

Newton’s laws, and is scattered after some characteristic time (t).  After each scattering 

event the electron has a random velocity.  The magnitude and direction of that velocity, 

as predicted by kinetic gas theory, is zero.  Thus, the mobility is related to the velocity an 

electron attains before it is scattered.  Setting the Lorentz force equation equal to 

Newton’s equation of motion, and integrating from zero to the characteristic time, (t), 

one obtains the following expression for mobility after factoring out the electric field: 

(2) 
em

eτµ =  

where (me) is the electron mass. [1-3]  

 A few points are worth briefly mentioning before concluding this section.  

Collision times calculated for typical metals are on the order of 10 femtoseconds, [6] 

which is an amazingly accurate description of the timescales relevant to electron 

dynamics in metals given the crudeness of the model.    However, to arrive at these 

numbers, one must have some idea that not all electrons in the solid participate in 

conduction.  A reasonable estimate is that only the valence electrons participate.  

However, the Fermi-Dirac distribution discussed in the next section establishes a more 

quantitative criterion. 

 Mobility is an entirely classical concept, but it has found great utility in organic 

semiconductors research.  Ideally, the mobility is independent of charge carrier 

concentration and represents a more general material property related to conductivity.  
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The metric of mobility is especially useful in experiments where the charge carrier 

density can be modulated, such as in organic thin film transistors.   

 

A.2) Free electron gas 

 

   Attempts to connect the molecular level details of organic semiconductors to 

measured mobilities will need a quantum mechanical model of conduction.  The free 

electron gas is the simplest quantum mechanical model of electrons in a solid.   The 

model assumes that potential energy is uniform and constant throughout the solid.  Also, 

the effect of interactions between electrons is neglected.  Thus, the energy (ε ) of any one 

electron is entirely determined by its momentum (ħk) according to free particle solution 

of the Schrödinger equation. [1,2,4] 

(3) 
em

k

2

22
h=ε  

  A critical aspect of the quantum mechanical picture of electrons is that they are 

Fermions, and therefore must obey the Pauli exclusion principle.  The Pauli exclusion 

principle requires that no two particles have identical quantum numbers.  In this case, the 

Pauli exclusion principle manifests itself in terms of momentum because momentum is 

the only well defined quantum number in this problem.[4]  Thus in a solid containing a 

free electron gas of many electrons, no two can have the exact same momentum 

(neglecting spin degeneracy).    

 A solid containing many electrons will have electrons with many different values 

of momentum.  Such a problem lends itself to statistics, allowing one to ask questions 

concerning the probability of finding an electron having some momentum value.  The 
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same sorts of questions are appropriate for most gasses.  The evaluation of the Gibbs sum 

for Fermions can be done with the following model:  imagine a single state of energy ε 

which can either be singly occupied (and have a total energy ε), or completely 

unoccupied (and have an energy of zero).  Because only two possibilities exist, 

calculating the partition function by summing over all states of the system is simple.  The 

probability of finding a particle with an energy (ε) relative to the Fermi energy (εF)  is 

described by the Fermi-Dirac distribution, f(ε).[5]  Figure II-1 shows a plot of f(ε) for at 

several temperatures.   

 (4) ( ) ( )







 −+
=

Tk

f

B

Fεε
ε

exp1

1
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0.5

0.0
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Figure II-1. The Fermi-Dirac 

distribution function.  The occupation 

probability of an electronic state is 

given as a function of energy relative to 

the Fermi level.  Arrows indicate the 

effect of increasing temperature.   

 

 

 The Fermi energy is defined as the chemical potential of electrons in a solid as the 

temperature goes to zero.  The chemical potential is in general, a function of temperature, 

and is often called the Fermi level.  The position of the Fermi level relative to the vacuum 

level (the energy of an electron in the vacuum with no kinetic energy) can be measured, 

and the difference between the two is called the work function.[1,2]  
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   The Fermi-Dirac distribution is general: any state containing electrons (or more 

generally half-integer spin particles) is populated according to Fermi-Dirac statistics.  

The fact that it was introduced in a discussion of the free electron gas was a matter of 

convenience and not indicative of a fundamental relationship.   

 To find out how the electrons of a solid are distributed in energy, one needs know 

some information concerning the energetic positions of all the states in a solid.  For 

macroscopic solids, the energetic positions are given by a continuous distribution 

function called the density of states, De . 

(5) 
εε d

dN
D =   

In equation 5, N is the number of states in the solid.  To calculate the number of states 

available at a particular energy, integrate over a volume of momentum space related to 

the total volume of the solid. 

(6) ∫=
'

0

2
3

4
)2(

)'(
k

dkk
V

kN π
π

 

Equation 3 is used to convert momentum into energy, and allow the calculation of the 

density of states.  The expression relating momentum and energy is called the dispersion 

relationship and can be used to calculate the density of states.  The density of states for 

the 3D free electron gas is given below.[2] 

(7) ε
πε

2
3

22

2
2








=
h

emV
D  

 To calculate the population of electronic states, one multiplies the Fermi-Dirac 

distribution by the density of states.  The integral of this product is the total number of 

electrons in the solid. 
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 A few other interesting metrics that describe electron transport emerge from free 

electron theory.  One useful notion is that of Fermi velocity ( vF ), that is, the velocity of 

an electron at the Fermi level.  This value can be obtained by placing the Fermi energy in 

to the dispersion relationship (equation 3) and converting wavevector to velocity.     

Typical Fermi velocities in elemental metals are on the order of 108 cm s-1, which is only 

1/100 of the speed of light.[7]  This makes sense in the context of the very short 

scattering times found in Drude theory.  In fact, combining the two metrics, the Fermi 

velocity and the scattering time, gives one an estimate of how far an electron travels 

between scattering events.  This distance is called the mean free path (ℓ = tvF ),[2]   and 

for an electron traveling 108 cm s-1 for a time of 10 femtoseconds between collisions, the 

mean free path is 10 nm.  

 The mean free path computed above is for room temperature metals, and is less 

than 100 times larger than a single atom.  This seems to conflict with the picture of 

electrons in a metal behaving as free particles.  It is found however, that upon cooling 

high quality metal crystals to liquid helium temperatures, the mean free path approaches 

macroscopic sizes.[8] The reason is that vibrations of the crystal lattice, called phonons, 

scatter electrons and create a major source of resistance in metals.  Cooling a metal 

causes the number of phonons to decrease, which in turn decreases the resistance 

according to a power law.[1,2,5] 

 The relevance of the free electron model to organic semiconductors is a topic 

which attracts debate.  This is especially true in the context of the insulator-metal 

transition, as free electron theory does much to explain the behavior of metals.  In 

particular, the temperature dependence of the conductivity is an important aspect of the 
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conduction mechanism.  Also, the Fermi-Dirac distribution described in this section is 

general and therefore, applies to organic semiconductors. 

 

A.3)  Band theory 

 

 For all the successes of the free electron theory, it is unable to give an account of 

why some materials are conductive while others are insulating.  Clearly, the ability to 

make this distinction is important in terms of organic semiconductors because their 

conductivities can vary over a wide range.  In order to address the difference between a 

conductor and an insulator, the internal potential energy structure of a solid will need to 

be factored into the theory.   

 Fortunately, introducing even simple potential energy contributions improve the 

model considerably.  An example of a potential energy contribution would be treating the 

nuclei in a solid as adding a Coulomb potential to the electron Hamiltonian.  Simpler still, 

would be to include a periodic array of Dirac delta functions to model the potential of the 

nuclei.  Continuing to ignore interactions between the electrons themselves produces a 

model which can be solved in terms of free electron wavefunctions.  This is a variation of 

the Kronig-Penney model.[2] 
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Figure II-2. Kronig Penny model of a 

solid.  Potential energy (V) is represented 

by a periodic array of Dirac delta 

functions.   

 

 Not all wavevectors are solutions to the Schrodinger equation for the potential 

energy function described in figure II-2. To explain this, it is important to note that in the 

presence of any change in the potential energy, a wavefunction is both transmitted and 

reflected.  When the wavefunction has a wavelength similar to that of the periodicity of 

the lattice, the reflected waves will destructively interfere with one another.  Thus, a 

series of disallowed energies exist as a consequence of the periodicity of the lattice; they 

do not depend on the shape of the potential energy surface used to approximate the 

lattice.  The energies of the disallowed wavefunctions make up an energy gap within the 

solid, and the presence of energy gaps explains a host of phenomena, most notably the 

difference between metals, insulators, and semiconductors.[1-3]   

 The major experimental difference between a metal and an insulator is that an 

insulator does not conduct electricity as T → 0 K.[9]  This can be understood in terms of 

band theory first by thinking about how a free electron moves under the force of an 

electric field.  The key to obtaining electrical current is to have a situation where more 

electrons are moving in one direction than are moving in the opposite direction.  In more 

technical language, more electrons have a positive wavevector than have a negative 

wavevector, requiring the existence of empty states just above the Fermi energy to 
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accommodate an increased population of electrons with a positive wavevector (see figure 

II-3).  However, if the Fermi energy lies in the middle of the forbidden gap there are no 

such states, and the material is insulating.  To restate, an insulator is a material without a 

band of states around the Fermi energy.[1,2]   

 

Figure II-3. Schematic band 

structure.  Occupied density of 

states are shaded while unoccupied 

states are represented by the area 

inside a curve.  Vertical scale is 

energy and dashed line marks the 

Fermi energy.  Valence band (VB) 

and conduction band (CB) are 

labeled for semiconductor and 

insulator.  The band gap is the 

energy difference between VB and 

CB.  

 

 The difference between a semiconductor and an insulator is something of a matter 

of taste.  Both insulators and intrinsic semiconductors share the same energy structure, 

that is, they lack density of states at the Fermi level.  However, insulators tend to have 

larger band gaps and are therefore more resistive at room temperature.  The band gap is 

the difference in energy between the filled band below the Fermi level, called the valence 

band (VB), and the empty band above the Fermi level, called the conduction band (CB).       

 Technological applications of semiconductors usually use doped semiconductors, 

that is, a material where impurities have been intentionally introduced.  Often the role of 

dopants is to introduce a small concentration of electrons into the conduction band; this is 
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n-type doping.  Just as often, however, electron deficient dopants are introduced.  They 

remove an electron from the valence band and create a positively charged electron 

vacancy, called a hole.  The vacant orbital affects the subtle balance of the positive and 

negative electron momenta, allowing current to flow in the band.  The hole appears to 

move like an electron with a positive charge under the influence of an electric field.[1-3] 

 Bloch’s theorem states that solutions to the Schrödinger equation in a periodic 

potential consist of a plane wave and a component which has the same periodicity as the 

underlying lattice.  The plane wave component is almost identical to that of a free 

electron.  Thus, concepts developed in free electron theory can often be applied to 

carriers in a periodic potential.  One of the most famous of these applications is the 

effective mass approximation for semiconductors. 

 The dispersion relationship in equation 3 is that of a free electron.  Most notably it 

is parabolic in momentum.  The steepness of that parabola depends on the mass of the 

electron.  The energies of a Bloch wave near the bottom of a conduction band are very 

similar to those of a free electron.[2]  

(8) 
*2

22

m

k
c

h+= εε  

 The energy of an electron appears from equation 8 to be that of a free electron 

plus an energy offset ( εC ).  The mass (m*) in equation 8 is called the effective mass and 

is usually expressed as a multiple of the free electron mass.  The magnitude of the 

effective mass is often between 0.1 me and 10 me and is related to the magnitude of the 

periodic potential.  This should be expected because one must recover free electron 

theory as the magnitude of the periodic potential goes to zero. 
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 The effective mass can be thought of as increasing due to a small amount of 

destructive interference from reflections from the periodic lattice.  According to basic 

quantum mechanics, the magnitude of the reflected wave becomes greater as the 

magnitude of a change in potential becomes greater, thus the effective mass increases 

with the size of the periodic potential fluctuations in the lattice.         

 Effective mass can be calculated from the shape of a band as can be seen from 

equation 8 and 9.  It is only independent of momentum near the bottom of a band, where 

the band can be approximated as parabolic.[1,2] 

(9) 
2

2

2

1
*

1
km ∂

∂= ε
h

 

 Effective mass is a concept useful in a variety of contexts and theoretical models.  

One model where it has a particularly nice interpretation is in tight binding theory.  

Briefly, tight binding theory describes band formation as the result of wavefunction 

overlap between adjacent atoms, or more generally, sites.[1]  The Hamiltonian of the 

system includes the energetic position of the individual atoms and magnitude of their 

wavefunction overlap.  In many ways, tight binding theory is reminiscent of molecular 

orbital bonding theory. 

 The degree of wavefunction overlap goes by a variety of names including transfer 

integral, tunneling matrix element, and hopping coefficient.  Small values of the transfer 

integral lead to bands which cover a narrow energy range from top to bottom.  In other 

words, energy depends only weakly upon momentum, and the bands have a very small 

curvature.  When equation 9 is applied, the charge carriers seem to have a very large 

effective mass.  Thus, effective mass is inversely related to the energetic width of a band, 

which is itself related to the degree of wavefunction overlap between adjacent sites.   
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 The use of tight binding theory in organic semiconductor research cannot be 

overstated. It is one of the most often used models describing intermolecular electron 

transfer, including hopping conduction and band formation.[10]  Effective mass is 

another important concept and can also be related to the electronic properties and band 

structure of organic semiconductors.[11]  On a simpler level, the existence of conduction 

and valence bands and the presence of a band gap serves as an important model for 

understanding, among other things, elementary optical excitations of an organic 

semiconductor.   

 

A.4)  Disordered semiconductor theory 

 

 Of all the theories of electron transport discussed in this section, disordered 

semiconductor theory is perhaps the one most relevant to the study of organic thin film 

transistors.  Whether vapor or solution deposited, organic thin films are disordered 

semiconductor materials, and treatments of them as such are successful.[12]  Thus, a 

general discussion of disordered semiconductor theory is warranted, if not imperative in a 

discussion relating general solid state concepts to organic semiconductor properties.   

 One of the main aspects of conduction in disordered systems is that carriers are 

localized, instead of free-electron like.  Conduction can be viewed as the hopping of 

electrons from one localized site to another.  A few models of localization exist, but the 

Anderson model is one of the most frequently discussed, and is depicted in the top panel 

of figure II-4. 
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Figure II-4.  Anderson localization.  Left panel: random 

potential energy (V) of energetic width W, distributed 

periodically in space.  Right panel: density of states in the 

Anderson model.  Shaded areas near band edge represent 

localized states, the energy separating the localized states 

from the delocalized states is called the mobility edge (εM).   

 

 

 The Anderson model of electron localization begins with a system which is 

periodically ordered, but has random site energies.  Other models, incorporating random 

site positions and identical site energies have been constructed, but similar general 

features arise regardless of the model.  In the Anderson model, the distribution of site 

energies is uniform and has a finite width (W).  Although no exact solution to the 

Schrödinger equation exists for this model, numerical solutions show that localization is 

determined by the ratio W/I where I is the overlap integral from tight binding theory.  As 

one decreases the value of this ratio past some critical value, some percentage electrons 

suddenly delocalize.  This is the Anderson transition.[9,13]   
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 From a chemistry perspective the problem of localization can be understood by 

considering the sharing of an electron by two atoms in molecular orbital theory.  The 

more the two orbitals overlap in space and energy the more the electron wavefunction 

delocalizes over both atoms.  In the case when the energies are very different, the 

electron will be mostly found on one atom, and this effect becomes more pronounced 

when the orbitals involved have very little spatial overlap.  Similarly in a solid, when 

sites are far away from others with similar energies, the sites will not be able to share 

electron density effectively and charges will tend to localize.   

  The concept of mobility edge describes the effect of varying the carrier 

concentration in disordered semiconductors.  In a system where W/I is small, some 

electronic states are localized, and some states are delocalized.  Localized states exist at 

the edges of the band, while around the band center the electrons are delocalized.  The 

energetic boundary between the two is called the mobility edge.[14]  Figure II-4 shows a 

schematic density of states for a disordered material.   

 In the localized regime, conductivity is a strong function of temperature due to the 

fact that energetic disorder now requires that conduction be a thermally activated process.  

There are many models of temperature activated conductivity, but the four that 

commonly arise are as follows:  multiple trap and release,[15] nearest-neighbor 

hopping[16], Mott variable range hopping[17], and Efros-Shklovskii hopping[18].   

 Disordered semiconductor theory is important in understanding the conduction 

mechanism operating in thin film organic semiconductors.  Thin films are often either 

amorphous or polycrystalline, and do not contain the long range order assumed to exist in 

the free electron and band theories of conduction.  Thus carriers are localized to some 



 

 23 

degree and temperature activated hopping of the carrier from site to site is an important 

model for conduction in organic semiconductors.  

 

B)  Small Molecule Organic Semiconductors 

 

 Part of the driving force for research into organic semiconductors is the ability to 

harness the variety of organic synthesis to rationally engineer molecules to with specific 

electronic properties.  Thus, one would like to bring about a detailed understanding of the 

structure property relationship bridging molecular structure and carrier mobility.  Two 

dominant research paradigms address this goal.  The first is to synthesize a wide variety 

of molecules and characterize them with a small number of techniques using the 

differences between molecules to shed light onto the structure property relationship.  The 

second is to apply a wide variety of characterization techniques to a small number of 

molecules in order to test theories of transport in a number of unique, but related 

contexts.  This section will employ the latter approach to a large degree and focus on the 

properties of pentacene and rubrene, two of the most well studied molecules in the field.   

Pentacene  

Figure II-5.  Pentacene and Rubrene.  Two of the 

most popular small molecule organic 

semiconductors.  Pentacene is noted for is good 

performance in thin film applications, while rubrene 

is the highest mobility single crystal material. 

Rubrene  
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 Pentacene, like many of small molecule organic semiconductors pictured in figure 

II-5, is a planar molecule with a system of highly conjugated p bonds.  This gives 

pentacene a delocalized HOMO and LUMO which are generally accepted design 

characteristics of successful organic semiconductor molecules [19].  Pentacene forms a 

triclinic crystal structure [20] with a herringbone arrangement of the pentacene 

molecules[21].  The herringbone structure, although not perfectly suited for it, allows for 

van der Waals interactions between p orbitals of different molecules in the unit cell.  

Applying tight binding theory to the van der Waals interactions present between 

pentacene molecules shows that a band structure can form within the crystal.[10,11]  In 

other words, the van der Waals interactions between molecules provide delocalized 

pathways for carrier motion.  The bands formed in an organic semiconductor crystal are 

commonly referred to as HOMO and LUMO bands.  The HOMO band of a molecular 

solid and the valence band in an inorganic solid are conceptually almost identical.   An 

important aspect of pentacene band structure is that it is highly anisotropic.[10]  That is to 

say that the van der Waals interactions are significantly stronger within a crystallographic 

plane, making effects due to inter-plane overlap on transport rather small.  This gives the 

band structure of many organic single crystals a highly two dimensional character. 

 Rubrene is another heavily studied organic semiconductor, in part because of its 

ability to form high mobility single crystals.  Mobility measurements have been taken as 

a function of crystallographic directions, and are not only quite high (15 cm2V-1s-1) they 

are also anisotropic.[22]  Band structure calculations combined with spectroscopic 

measurements show that rubrene has a band gap of 2.2 eV and injected holes have an 
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effective mass between 0.8 me and 2 me, which is also anisotropic.[23]  Temperature 

dependent mobility measurements of rubrene single crystals display increasing mobility 

with decreasing temperature over a certain temperature range.[24]  This increase follows 

a power law suggesting that band-like transport is a valid model in that range.  However 

at lower temperatures, mobility decreases with temperature for reasons still being 

debated.[24,25] 

 Experiments on single crystal organic semiconductors are highly important to 

understanding their intrinsic properties.  However, the thin film transistor is the more 

technologically applicable device and much research has gone into their improvement.  

The pentacene TFT is one of the benchmark devices owing to its fine TFT mobility. 

Although research has gone into making soluble pentacene derivatives,[26] and solution 

processable precursors,[27] pentacene itself is insoluble.  Thus, vapor deposition is the 

preparation method of choice.  The thin film morphology of vapor deposited pentacene is 

sensitive to a number of factors including deposition rate, substrate temperature and type 

of substrate, including effects due to surface modification.[15]  However, thin films of 

pentacene can generally be regarded as microcrystalline, leading towards questions 

regarding the role of grain boundaries on charge transport.  The prevailing wisdom is that 

grain boundaries limit the field effect mobility, as thin film mobilities are almost always 

lower than single crystal mobilities.  However, the precise role of grain boundaries on 

charge trapping and transport remains an open question.   
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C) Polymer Semiconductors 

 

 The modern field of conducting and semiconducting polymers began in earnest 

with the discovery of conducting polyacetylene in 1977.[28]  Although much of the 

initial interest was theoretical, the development of soluble polymer semiconductors 

provided a substantial technological impetus in their continued research.[29-31] Figure 

II-6 shows some of the most commonly encountered polymer semiconductors in the 

literature.  The basic motif for polymer semiconductors is not wholly unlike that of small 

molecule semiconductors; both have extended p conjugation.  However, the greater 

length of the conjugated polymer gives rise to physical properties which impact the 

nature of charge carriers on the polymer chain.   

trans polyactylene  cis polyacetylene  

S

S

S

S

C6H13 C6H13

C6H13 C6H13

P3HT  

S
S

C8H17 C8H17

F8BT  

Figure II-6. Several polymer semiconductors.   
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C.1)  SSH Hamiltonian  

 

 Theoretical accounts first centered on polyacetylene, which is one of the simplest 

models for conducting polymers [32,33].  Initially, one might expect that charge 

conjugation spans the entire polymer chain (see figure II-7 panel a), resulting in one 

electron per unit cell, one π orbital, and thus a half filled (metallic) band.  However, this 

is found not to be the case, and can be explained through the SSH Hamiltonian.   

  

a

E

EF

 

b

E

EF

 

c

E

EF

 

d

E

EF

 

Figure II-7. Electronic isomers of 

trans polyacetylene.  Panel a: 

metallic.  Panel b: insulating. Panel 

c: single kink solition. Panel d: kink 

antikink soliton pair.  Notice the 

symmetry of the bond alteration 

pattern at either end of the kink-

antikink pair. 

 

 The SSH Hamiltonian describes the basic properties of charge carriers on an 

isolated 1-D chain.  It can be broken up into four components describing π electrons, the 



 

 28 

polymer chain, and the interaction between them.  More formally, the Hamiltonian 

consists of a tight binding electron transfer component, (He), a harmonic potential of the 

σ bonds, (Hph), the kinetic energy of the lattice, (Hk), and an electron-phonon coupling 

term (He-ph).  The spin of the electrons is suppressed here. 
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In equation 10, the sum over all n is a sum over all atoms of the chain.  The value of the 

transfer integral is given as t0.  The creation and annihilation operators, Cn
* and Cn act on 

the π electrons of the chain, in effect, calculating the decrease in the total energy as a 

result of adjacent atoms sharing a pair of π electrons.  If this was the only term in the 

Hamiltonian, this decrease in energy would be offset by the loss of π electron sharing by 

the next nearest neighbors.  However, the presence of the electron phonon coupling 

interaction changes this situation.  The term α represents the magnitude the energy is 

lowered by changing the position (yn) of the nth atom.  This is reminiscent of the decrease 

in bond length encountered with increasing bond strength.  However, bond energy cannot 

be lowered indefinitely by compressing the double bond and lengthening the single bond; 

the harmonic potential describing σ bond energy eventually forces the system into 

equilibrium.  A critical observation is that the electron-phonon coupling is first order 
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while the harmonic term is second order.  At very small displacements, the decrease in 

energy via the electron phonon coupling will always outweigh the harmonic term.  Thus 

the chain is unstable to an infinitesimal lattice distortion.  This is also known as a Peierls 

distortion, and doubles the size of the unit cell.  After the dimerization, there are two 

carbon atoms per unit cell, one π bonding orbital, and two electrons to fill the orbital.  

Thus, on an infinite chain, the system forms separate HOMO and LUMO bands, 

representing the bonding and antibonding π orbitals (see figure II-7 panel b).[33]    

 As shown above, the properties of the system can understood in terms of the 

dimerization pattern of chain.  Following this line of thought further, it can be noticed 

that there are two degenerate bond alteration patterns in polyacetylene.  Thus, one might 

expect that both could exist on the same chain and that novel phenomena would occur 

where the bond alteration pattern switches.  This turns out to be correct; the change in the 

bond alteration pattern is characterized by a structural distortion of a finite width.  The 

structural distortion is accompanied by a radical electron and can be considered as a 

single, neutral particle called a kink soliton (see figure II-7 panel c).  The energy of this 

defect is located at midgap, between the HOMO and LUMO bands of the polymer chain.  

In other words, the radical electron no longer contributes to the dimerization of the 

lattice, and is not involved in bonding.[32]  For each additional solition created on the 

chain, symmetry considerations dictate that solitons are always created in pairs.  The 

following argument shows why: imagine an infinite polymer having a single bond 

alteration pattern.  It can be seen that nucleating the flipped bond alteration pattern 

requires the creation of two solitons, one at either end of the flipped pattern (see figure II-

7 panel d).[34]  
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 However, it is important to note that the existence of a single kink soliton depends 

on the ground state degeneracy of polyacetylene.[34,35]  In other words, if the different 

dimerization patterns are not energetically equivalent, the single kink soliton would not 

occur, instead, bound kink-antikink soliton pairs would have to be the dominant neutral 

excitations on the polymer chain.  As figure II-8 shows, the different dimerization 

patterns of cis-polyacetylene are not identical, thus they can be expected to have different 

energies.  The conclusion to be reached is that the ground state of a structural defect must 

begin and end with the same pattern.  It can be seen intuitively that this is only possible if 

defects join up in the form of a lone pair.  (The charges are not likely to be so strongly 

localized, but are drawn that way for ease of understanding).  
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Figure II-8. Cis polyacetylene.  Panel a: neutral, insulating, polymer.  Panel b: non-

degenerate bond alteration pattern of neutral, insulating polymer.  Panel c: kink-antikink 

pair.  Panel d: singly charged hole polaron. A polaron results from the ionization of one 

member of the kink-antikink pair and causes the midgap level to split.  Panel e: 

bipolaron.  A bipolaron is the result of ionizing the remaining radical electron of a singly 

charged polaron, or by the meeting of two singly charged  polarons.  The midgap energy 

levels are shifted towards the center of the gap. 

 

 Charged defects in conducting polymers can be understood in terms of the 

ionization of one member of the kink-antikink pair, or alternatively a member of a lone 

pair, for example, to form a hole and a radical electron.[34]  The name for the charged 



 

 32 

defect is a polaron.[35]  To restate, the ground state of a polaron is symmetrical.  That is, 

the bond alteration pattern is identical on either side of the polaron.  Formally, the 

dimerization pattern of the polaron is formed by taking linear combinations of the two 

soliton dimerization patterns.[34]  In summary, a (singly charged) charge carrier in a 

conjugated polymer is associated with an excess radical electron and is localized by a 

deformation of the polymer chain, and the nature of the carrier can be described in terms 

of the structural deformation. 

 From a chemistry point of view, it seems odd that a radical state of a 

semiconducting polymer would be the most stable charged configuration.  It seems 

intuitive that two radical electrons would form a lower energy state by paring to form a 

doubly charged polaron, more often referred to as a bipolaron (see figure II-8 panel e).  

Theoretical calculations and solution electrochemical data,[36,37] suggest that this is 

possible.  However, the existence of bipolarons in the solid state has not been 

unambiguously verified. 

 

C.2) Methods of polymer charging 

 

 In order to study charged excitations of a semiconducting polymer, methods of 

charge induction must be devised.  One of the earliest employed methods is treatment 

with iodine or bromine vapor.  This is a strictly chemical process where the neutral 

diatomic vapor will withdraw an electron from the neutral polymer chain, forming a hole 

which can participate in conduction.[28]  Another way to oxidize a conjugated polymer 

film is to change the electrochemical potential of the polymer through the application of a 
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voltage in an ionic solution.  For example, negatively charged perchlorate ions from 

solution can be incorporated into the polymer matrix, via the application of an 

electrochemical potential, stabilizing holes in the polythiophene.[38]  Thirdly, charges 

can be induced by changing the chemical potential of the polymer with an electric field 

gradient, stabilizing charges in the polymer without the presence of ions.  This is called 

field doping, and is the basic operating mechanism in the organic field effect transistor. 

[39]   Also, carriers can be induced by optical excitation, and is often done in the context 

of photoinduced absorption measurements.[40]  Several of these mechanisms will be 

discussed in further detail in section E. 

 

C.3)  Interactions in the solid state 

 

 Ultimately, it is the solid state of the polymer which is most technologically 

useful.  Although the SSH formalism gives a complete description of the basic charged 

excitations on a conjugated polymer chain, the SSH Hamiltonian does not account for 

interactions present only the in the solid state. In a solid film, the interactions between 

polymer chains can give rise to important effects which are critical to the ability of the 

film to conduct electricity.  This is intuitive when one considers the fact that the length of 

a single polymer chain about 100 times smaller than the average electrode spacing in a 

thin film device.  Thus the ability of a polymer to conduct electricity will depend upon 

the ability of charge carriers to move from chain to chain.[41]  This is often called 

interchain transport.  
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 The process by which a charge carrier moves between polymer chains is in many 

ways similar to that which occurs in a molecular solid.  Since the chains are not typically 

cross-linked, van der Waals interactions between the chains serve to mediate charge 

transfer.  Similarly to small molecule organic semiconductors, improving the crystallinity 

of the polymer is an effective way to improve interchain interactions.  This paradigm has 

driven the development of polymers which can easily form crystalline structures.  For 

example regio-regular P3HT, PBTTT, and F8BT (see figure 6) all have rigid backbones 

and alkyl side chains and can form crystallites when deposited from solution. 

 However, increasing crystallinity does not, of necessity, increase the thin film 

mobility of a polymer semiconductor.  Kline, et al.[42-44] demonstrated that low 

molecular weight RR-P3HT, although more crystalline, has a lower mobility than high 

molecular weight RR-P3HT.  They attributed this difference to the increased 

interconnectivity of the crystalline domains by the longer chains of high molecular 

weight polymer.  However, the effect on mobility of increasing molecular weight 

plateaus at extremely high molecular weight.  Interestingly this is correlated with a 

plateau of the width of crystalline nanofibrils.[45]   

 One interesting implication of the strong interaction between polymer chains is its 

effect on the energetic position of the polaron levels.  As stated above, the presence of 

van der Waals interactions between the π orbitals of neighboring polymer chains 

facilitates charge transfer between them.  In fact, this interaction is strong enough to 

encourage the delocalization of charge carriers across multiple polymer chains.[40]  This 

affects the energetic position of the polaron levels due the decrease in confinement, 

lowering the energetic position of the lowest polaron energy level and increasing the 
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energy of the highest polaron energy level.  To restate, the interactions present between 

polymer chains in the solid state not only affects the charge transport properties, but also 

the energy of the charge carriers themselves.  Thus, the role of crystallinity and 

morphology in polymer semiconductors remains an open avenue of investigation. 
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D)  Optical Absorptions in Organic Semiconductors 

 

 The majority of the work undertaken as a part of this thesis concerns the optical 

spectroscopy of charge carriers in organic semiconductors, especially in the infrared and 

near infrared.  In order to make correct spectral assignments, it is important to have an 

understanding of some of the possible features that may arise during an experiment.  

With that in mind, this chapter focuses on the connection between spectroscopic 

signatures typical of organic semiconductors and theories of electronic structure and 

molecular vibration.  This section will, therefore, include some discussion on the 

transport properties of organic semiconductors, but a focus on optical absorption in 

general will be maintained.  The types of optical absorption considered are those relating 

to the classical Drude theory of metals, the absorption of polarons in semiconducting 

polymers and the infrared active vibrational absorptions associated with them.  Also, the 

more traditional infrared absorptions associated with molecular vibrational modes will be 

discussed.   

 

D.1)  Drude absorption 

 

 One of the most famous examples of light absorption in classical electromagnetic 

theory is often called Drude absorption, or free carrier absorption.  This effect is a 

dominant feature in the absorption of light by metals, the materials most accurately 

described by Drude theory and the free electron gas theory.  Briefly, light is absorbed by 

a conductive material because the oscillating electromagnetic fields transfer energy to 
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mobile charge carriers.  The mobile charges oscillate in space, dissipating their energy 

via resistive losses.[46] 

 More specifically, charges are treated as damped harmonic oscillators and their 

motion under the oscillating field of an incident light wave can be treated with the 

Lorentz force equation.   Relating the bulk polarizability to the size of the dipole moment 

created by the oscillating charges allows one to connect the frequency dependent 

oscillation amplitude of said carriers with the dielectric constant of the material.  The 

dielectric constant is in general a complex quantity and can be related to the results of an 

optical absorption measurement by multiplying the imaginary part of the dielectric 

constant by the frequency of light. (See appendix A for additional constants that enter the 

expression).[47]   

 The shape of the absorption depends qualitatively on whether or not the electrons 

are free to resonate as their frequency goes to zero.  In this case, the complex dielectric 

constant diverges at low frequencies.  This is true in the case of metals, which can be 

described in terms of free electron theory.  Therefore, the presence of free-electron or 

Drude absorption is sensitive to whether or not a sample is metallic.  Below is the 

equation for Drude absorption for metallic samples in terms of the complex dielectric 

constant ε(w), the dielectric constant of free space, (ε0) and the scattering time from 

Drude theory (t).  The plasma frequency also appears, (wP
2
 = ne2m-1

ε0
-1) and is related to 

the number of electrons (n) their mass (m) and their charge (e).[46]   
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 Converting the dielectric function of equation 11 into an absorption coefficient 

yields a function which does not diverge at low frequencies, but rather converges to a 

single value.  This result is plotted in figure II-9. 
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Figure II-9. Drude absorption.  

Theoretical prediction for absorbance 

experiment of a free electron metal.  

The width of the feature depends 

upon the relaxation time of the 

electrons.   

 

 In terms of organic semiconductors, Drude absorptions are not often observed 

because of a small degree of localization that occurs, restricting the ability of charge 

carriers to absorb light at low frequencies, presumably due to disorder.[48]  Two recent 

observations are exceptions,[49,50] and debate concerning the nature of the highly 

conductive state in heavily doped conducing polymers is a continuing source of 

debate.[51] It is clear, however, that Drude absorption is not a major signature in the case 

of light and moderately doped organic semiconductor samples.  

 

D.2)    Polaron absorptions 

 

 Polarons are self localized charges which occur when charges are introduced into 

a polymer semiconductor.[34]  The creation of a polaron significantly modifies the 

electronic structure of a material and brings about an entirely new set of absorptions (see 

figure II-8 and figure II-10).  It is important to note that while six possible transitions 
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exist for a polaron, only three independent transitions are usually observed.[34] The three 

observable electronic transitions for a polaron are w1, w2, and the interband 

transition(HOMO→LUMO).  It is perhaps worth mentioning that polaron creation can 

disrupt the local band structure, and can bleach the interband transition.[38,52]    

E

w2

w1

LUMO

HOMO  

Figure II-10. Polaron absorptions.  Only 

three allowed transitions exist for a singly 

charged polaron.  The two that can be seen 

in the mid and near infrared are labeled ω1 

and ω2.  The transition across the band gap 

from the HOMO to the LUMO causes 

absorptions in the visible range.  

 

 As stated previously in section C.3, interchain interactions play a large role in 

polaron energetics; this is naturally reflected in the absorption spectrum.  The interchain 

interactions allow a degree of 2-D delocalization, and the lowest polaron energy level 

decreases in energy due to decreasing kinetic energy.[53]  This separation in energy can 

also be understood in terms of a linear combination of orbitals, whereby the bottom 

polaron level is split into a doublet.  Since the polaron energy levels are symmetric about 

the center of the gap,[34] there is a corresponding splitting in the highest polaron level.  

Thus, w1 decreases in energy while w2 increases in energy, creating a distinct absorption 

spectrum from chains without strong interchain interactions.[40,54]   

 More recently, attempts to describe strong interchain interactions in terms of the 

Marcus theory of electron transfer have been relatively successful.[55]  However, one 

would expect a certain similarity between the interchain polaron and the weakly localized 
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two dimensional carrier found in experiments on single crystal rubrene [23] for example.  

To date, a complete understanding of the nature of delocalized carriers in organic 

semiconductor has not been achieved.    

 Singly charged polarons are not the only excitations which are allowed in polymer 

semiconductors; two polarons can meet and lower their energy by sharing a single lattice 

distortion, forming a bipolaron.  Much research has been devoted to working out the 

consequences of bipolaron formation.[56]  However, the existence of bipolarons in the 

solid state is very much under debate.[36,37,50,51] In the case when two polarons 

combine to form a bipolaron, the set of observable excitations changes.  In a hole 

bipolaron, the lowest polaron state is unoccupied, making the transition between the two 

polaron states (w2) impossible to access.  The bipolaron states will be shifted towards the 

center of the gap, changing the energy of the w1 transition.  The electron-hole symmetry 

of the polaronic states should also hold in the case of a two electron bipolaron requiring 

that again, w1 is the only observed transition.[34]    

   

D.3) Infrared active vibrational modes (IRAV) 

 

 Polarons are charges which have been localized through their interactions with 

and polarization of the polymer chain.  This means that there is a strong coupling 

between the excess charge and the motions of atoms on the chain.  The electron-phonon 

coupling can manifest itself in ways other than the modification of the electronic 

structure of the polymer.  One of the other ways that electron phonon coupling is 

observed in polymer is through the appearance of infrared active vibrational modes 
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(IRAV).  Not all vibrational modes of the polymer are infrared active as some vibrations 

do not change the dipole moment of the bond.  However, these modes can interact with 

the charge density of the polaron to produce an oscillation of the charge cloud.  This can 

change the dipole moment of the vibration and cause the previously invisible vibrational 

mode to become a potent infrared absorber and appear in the spectrum.[57,58,59]   

 

D.4)  Vibrational absorptions 

 

 The collective vibration of atoms in a molecule is a dominant absorption 

mechanism in the infrared, and organic semiconductor molecules are no exception.  The 

simplest model for molecular vibrations is the quantum mechanical harmonic oscillator.  

The Hamiltonian of the harmonic oscillator can derived from the force on a Hooke’s law 

spring with a force constant (K), being translated a direction parallel to the axis of the 

spring (x). 

(12) 
22

22 kx

m

p
H +=  

 The allowed vibrational energies of a harmonic oscillator are evenly spaced and 

the magnitude of the energy spacing depends upon the spring constant of the oscillator.   

(13) ( )2
1+= nE ωh  

Where w is the natural frequency of the classical oscillator given by equation 14. 

(14) 
m

K=ω   
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 In terms of molecular properties, the spring constant of the oscillator is 

comparable to bond strength and the harmonic potential attempts to describe the change 

in energy to a chemical bond caused by altering the internuclear distance.[4]   

 A more accurate description of a vibrating molecule recognizes that a molecule is 

not merely a collection of oscillators, but that it is a collection of interacting oscillators.  

This is taken into consideration by what is called normal mode analysis, where the 

collective vibrations are decoupled into a set of generalized coordinates orthogonal to one 

another.[4]  Each peak in an infrared absorption measurement of a real molecule is 

related to an energetic transition of one orthogonal mode.   
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E) Transistors, Capacitors, and Electrochemical Cells 

  

 A significant part of the results section is dedicated to understanding the charge 

injection mechanisms operating in organic semiconductor/polymer electrolyte devices via 

spectroscopic methods. As a result, it is necessary to develop a basic familiarity with the 

terminology and operating principles of the electrical devices themselves.  Although this 

theme has appeared briefly and periodically throughout the introduction, this section is 

devoted to a more careful treatment of the subject. More specifically, it discusses the 

transistor, the metal insulator capacitor and the electrochemical cell. 

 

E.1) Transistors 

 

 A basic schematic of a transistor is pictured in figure II-11 and is comprised of 

two different materials (gate dielectric and semiconductor) and three terminals which are 

connected to external circuitry (source, drain, and gate electrodes).  As stated earlier, a 

transistor can be viewed as a switch.  When a voltage is applied between the source and 

drain electrodes, current will flow through the semiconductor between the source and 

drain electrodes.  The magnitude of that current is determined by the conductance of the 

semiconductor; often called the channel conductance.  Applying a voltage to the gate 

electrode can increase the channel conductance by orders of magnitude, switching the 

device on.[3]   
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Figure II-11. Transistor schematic.  

Current (ISD) is driven across the 

semiconductor layer by a voltage 

difference between source and drain 

electrodes (VD).  The magnitude of the 

current is modulated by the application of 

a voltage to the gate electrode (VG) which 

changes the number of charge carriers.   

 

 Many processes control the level of the on current in a transistor, but two are of 

particular interest in the context of the work presented here.  The first is the intrinsic 

charge transport properties of the semiconductor layer, which can be approached in terms 

of Drude’s law.  Applying a gate voltage increases the number of charge carriers, (n) and 

the channel conductance (s) rises in direct proportion.[3] 

(15) µσ ne=  

 This understanding is oversimplified, especially in terms of organic thin film 

transistors for the following reason:  mobility can itself be a function of the number of 

charge carriers.  In an electrochemical transistor, this dependence is quite strong, while in 

a field effect transistor this dependence is weaker.[60]  However, the basic idea behind 

the transistor remains: more carriers, higher conductance.   

 The knowledge that higher channel conductance is the result of higher charge 

carrier densities does not fully answer the question of how a transistor works; it is 

important to have an account of how increased charge carrier density arises when the gate 

voltage is applied.  Two methods of increasing the density of charge carriers will be 

addressed.  The first method is field effect doping, also known as electrostatic doping, 
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and the second is electrochemical doping.  Actually, one need not use a transistor to study 

the charging process at all.  Field effect charging of a semiconductor can be studied by 

using a capacitor structure, and electrochemical doping can be studied using an 

electrochemical cell.  Thus the remainder of the section will be devoted to the metal-

insulator-semiconductor (MIS) capacitor, and the electrochemical cell.  

 

E.2) MIS capacitors 

 

 To study the field effect charging process in the channel of a transistor, one can 

construct a capacitor by placing a dielectric between a metal electrode and a 

semiconductor.  Placing an additional electrode on the semiconductor completes the 

device and allows it to be connected as part of a circuit.  In the absence of any internal 

potential in the device, for example, as a result of a work function between the metal 

electrodes and the semiconductor, the amount of charge induced in the semiconductor 

(q=ne) is simply related to the applied voltage (V) by the capacitance of the dielectric 

layer (C).   

(16)  CVq =  

 The voltage drop across the device can be described as having two major physical 

components; the voltage drop across the dielectric, and the voltage drop the charged 

region of the semiconductor. The voltage drop across the dielectric is related to its 

capacitance, which for a linear dielectric varies inversely with the thickness of the 

dielectric.[3]  The accumulation of charge near the semiconductor/dielectric interface is 

the cause of the remainder of the voltage drop in the device, and is a result of the altered 
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chemical potential of the electronic states near the dielectric interface.[5]  The ability of 

MIS structures to accumulate charge in a predictable way has enabled the use of metal 

insulator organic semiconductor structures to study the concentration of trapped 

carriers.[61]  

 

E.3) Electrochemical cells 

 

 Another way to induce charge carriers in an organic semiconductor device is to 

construct an electrochemical cell.  A simple electrochemical cell consists of a metal 

electrode coated with a film of organic semiconductor, a metal counter electrode, and an 

electrolyte solution, all of which are in series with a power source.  Charge is induced in 

the semiconductor film by applying an electric potential between the organic 

semiconductor and the counter electrode.  The applied potential changes the position of 

the Fermi level (electrochemical potential) of the organic semiconductor with respect to 

the electrolyte solution and the semiconductor charges in order to maintain 

thermodynamic equilibrium.[62]  In some ways, the process is similar to that of a MIS 

capacitor; an applied potential changes the internal potential energy of electrons in the 

organic semiconductor and the material accumulates charge.  However, the mechanism of 

charge induction in an electrochemical cell is more complicated than in the case of a 

capacitor constructed with a linear dielectric.  The two following possibilities will be 

examined:  electrostatic double layer charging and mass transfer at the 

electrolyte/semiconductor interface.    
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 The term “electrostatic double layer” describes the accumulation of charge at one 

side of an interface, and a corresponding accumulation of the opposite charge on the 

opposite side of the interface.  For example, applying a negative potential to a mercury 

electrode in a NaF solution will cause the mercury electrode to accumulate electrons and 

become negatively charged.  Conversely, in the solution, Na+ ions become concentrated 

near the mercury electrode.  Several models describing the ion concentration profile exist, 

but most predict that elevated ion concentrations extend 20 nm or less into the solution 

(for moderate to high ion concentrations).  Because electric potential is constant 

throughout the bulk of the solution, potential only changes near the interface.  The rapid 

change in potential gives the electrostatic double layer an unusually high capacitance, 

often on the order of 10 mF cm-2.[62] 

 Developing methods to take advantage of the extremely high capacitance of the 

electrostatic double layer has been a point of interest in the organic semiconductor 

literature.[63-69]  Perhaps the most important of these reasons is low voltage operation of 

organic transistors.  This is especially compelling given that most uses for organic 

transistors are likely to focus on low cost, large area applications.  Such applications will 

require low voltage operation as basic design specification.   

 The second mechanism of charge induction discussed here deals with mass 

transfer at the electrolyte interface.  The intercalation of ions into the solid electrode of an 

electrochemical cell is not typically seen in systems with standard metal or crystalline 

inorganic semiconductor electrodes.  These electrodes are for all practical purposes, 

impermeable to the ions of the electrolyte phase.  However, not all materials are equally 

impermeable.  Examples of permeable films include, clays, zeolites, solid polymer 
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electrolytes, polyelectrolytes, and porous metal films.[62]  Lastly, and most importantly, 

semiconducting polymers are permeable to ions.[70] 

 Using an electric potential to drive ions into a semiconducting polymer causes the 

reduction or oxidation of the polymer by changing its electrochemical potential.  In this 

way, an entire polymer film can be doped and made conductive although the bulk of the 

polymer is charge neutral due to the presence of counterions.  Throughout the remainder 

of this thesis, the process of driving ions into the bulk of an organic semiconductor with 

an applied electric potential will be referred to as electrochemical doping. 

 

   

 This thesis is directed at developing a better understanding regarding organic field 

effect transistors (OFET) as well as organic thin film transistors (OTFT).  The results of 

the original research found in this thesis will attempt to sharpen the distinction between 

the two.  Simply put, charge carriers in an organic field effect transistor are induced by an 

electric field at the semiconductor/dielectric interface, while in an organic thin film 

transistor the means of inducing charges is unspecified.  In this sense, the organic thin 

film transistor is the more general concept; it does not make reference to the mechanism 

of device operation.   
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III. Experimental 

 

 This chapter is dedicated to the detailed explanation of important concepts and 

methodology regarding the experiments carried out throughout the thesis research.  More 

than any other, this chapter is written with the future graduate student in mind.  Enough 

detail is included to give anyone a good chance at reproducing and improving the 

experiments.  With that end in mind, the first section sets out to explain the technique of 

FTIR in enough depth to allow one to not only see how the technique works, but ways in 

which the current experimental apparatus is limited.  The next section describes the 

infrared sampling technique used, describing not only how one goes about choosing a 

satisfactory optical material, but also how one can construct an optical piece from 

commercially available stock. Finally, the last and most detailed section covers the 

fabrication and testing of devices, including the highly specialized techniques that are 

glossed over in publication, but without which, the experiment would not work.    

 

A) Fourier Transform Infrared and Near Infrared Spectroscopy 

 

 The research presented in this thesis is primarily comprised of spectroscopic data 

in the mid and near infrared spectroscopic range.  To understand the data and make 

accurate spectral assignments, it is necessary to understand technique itself.  In particular, 

it is necessary to understand the workings of an infrared spectrometer, the mathematical 

operations necessary to obtain a spectrum, and the potential sources of noise and artifacts.  
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Figure III.1. FTIR Schematic.  Infrared light is generated by passing current through a 

filament.  The light reaches a beamsplitter where it is separated into two parts.  One part 

travels a distance (d) to a stationary mirror.  The other part is sent towards a moving 

mirror which can be offset by a distance (δ/2).  The beams recombine at the beamsplitter 

and are sent towards the sample.  After some of the light is absorbed by the sample, it 

reaches a photodetector, usually a photoconductive element.  The resulting current is 

amplified and sent to control electronics which simultaneously monitor the position of the 

moving mirror.  The data is used to construct an interferogram.   
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A.1) Infrared spectroscopy and the Michelson interferometer 

 

 One way to describe the workings of the spectrometer itself is to take the view of 

a group of photons as they are created and eventually converted into data.  The discussion 

will rely on the schematic representation of the spectrometer found in figure III.1.  At a 

brief glance, spectrometer operation can be described as a series of five steps.  First, a 

beam of infrared light is generated and passed through a Michelson interferometer.  Then, 

the beam reaches the sample where some of the light is absorbed.  Lastly, the light enters 

a detector, which translates the flux of infrared photons into an electrical signal which 

can then be interpreted by a computer in order to generate an interferogram. 

 The generation of infrared light is typically done through the use of a resistively 

heated element.  Passing current through a resistive element causes it to heat, and 

eventually it begins to glow, emitting a moderate flux of photons.  The filament can be 

modeled as a blackbody, which allows for an estimate of the frequency spectrum of the 

emitted light.[1]  The intensity of the light and its spectral shape both depend upon 

temperature,[2] thus the operating temperature of the infrared filament must be kept 

relatively constant to facilitate precise measurements.    

 After the infrared photons are generated, they are passed through an 

interferometer.  The main purpose of this step is to allow the different frequency 

components of the light to be separated from one another.  This separation begins with 

the use of an interferometer and is completed with the Fourier transform.  In fact, 

interferometry can be thought of as a mechanical version the Fourier transform.  This can 

be demonstrated with the aid of figure III.1 which shows a schematic of an 
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interferometer, and beginning with equation 1, which describes the spatially varying part 

of the electric field (E) in terms of its wavenumber (k), where E0 represents the intensity 

of the field.[3]   

(1) [ ]ikxEE exp0=  

 After the beam enters the interferometer, it strikes a beamsplitter which separates 

the wave into two components, assumed here to be of equal intensity for the purpose of 

this discussion.  One half of the beam is reflected towards a stationary mirror some 

distance, (d) away from the beamsplitter.  The other half of the beam is transmitted 

towards a moving mirror which can translate by a distance ( δ2
1 ) from some average 

distance (d).  When the beams recombine at the beamsplitter, they will have traveled 

different distances.  The electric field propagating away from the beamsplitter is given by 

equation 2. 

(2) [ ] [ ]( ))(expexp02
1 δ++= xikikxEE  

 Factoring out the part of the plane which depends on x, shows that the electric 

field due to a particular frequency will go to zero when πδ nk =  where n is any integer. 

(3) [ ] [ ]( )δikikxEE exp1exp02
1 +=  

 The intensity of the electric field now depends upon the product of the moving 

mirror position and the wavenumber of the incident radiation.  Wavenumber information 

is thereby encoded in the sum of all moving mirror positions.  When the signal is 

detected, the Fourier transform, in a sense, deduces the contribution from each 
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wavenumber component of the light by comparing the intensities at each moving mirror 

position.   

 In terms of spectrometer construction, the beam usually goes through the 

interferometer before reaching the sample.  This is mostly out of convenience, not a 

formal requirement of the technique.  In other words, the light absorbed by the sample is 

missing from the beam in the same proportion, regardless of whether it was absorbed 

before or after the beam entered the interferometer (assuming the linearity of the 

absorption process).   

 There are many ways to position a sample such that it can interact with the 

infrared beam and allow the beam to be collected.  The simplest is transmission, whereby 

the beam is passed through the sample and collected on the other side.  Other techniques 

include specular and diffuse reflection, and total internal reflection.[1]  In the 

experiments presented in this thesis, the multiple total internal reflection technique is 

used exclusively.  This technique will be discussed separately in section B.   

 After interacting with the sample, the beam is directed towards the detector.  A 

typical infrared and near infrared detector is a photoconductive element, which monitors 

photon flux by measuring current response.  Briefly, a photon having higher energy than 

the band gap of a material creates an electron-hole pair which can be separated by 

applying a voltage, creating an increased current.[4]  The size of the band gap for a 

photoconductive element determines the minimum photon energy that can usefully be 

collected.  Conversely, detectors also tend to become less sensitive at energies far above 

their band edge.[4]  This imposes an upper energetic limit on photon energies that can be 

detected by a particular detector material.  The overall effect is such that a detector has a 
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limited range of photon energies it can detect. It is therefore useful to employ multiple 

detector types to collect a wide spectral range.  

 To make the idea of the limits on a detector type, the three types of detectors used 

in this research will be discussed.  The entire mid infrared range was detected by a liquid 

nitrogen cooled HgCdTe (MCT) detector which had a range 500-8000 cm-1.  Cooling the 

MCT with liquid nitrogen is especially important because its band gap must be quite 

small in order to detect radiation of such low energy, making it susceptible to thermal 

carrier production at room temperature.  The mid to near infrared range was covered by a 

thermoelectrically cooled InGaAs detector with a range of 4000-15000 cm-1.  Although 

this detector is still somewhat sensitive above 11500 cm-1, the sensitivity of the detector 

changes at higher energies, making it difficult to compare absorption intensities on either 

side of  11500 cm-1.  The near infrared to deep red visible part of the spectrum (9000-

15500 cm-1) was collected by a thermoelectrically cooled silicon detector, whose upper 

limit is essentially dictated by the presence of the HeNe laser used for interferometer 

positioning.  

 After the beam strikes the detector and is converted into an electrical signal, the 

signal is electrically amplified and paired with the position of the moving mirror.[1]  

Repeating the process generates a data set of paired values of current versus moving 

mirror position.  The name for this data is an interferogram and is the most basic data 

generated by the spectrometer.  However, the interferogram itself is not normally useful 

in making spectral interpretations, requiring the employment of mathematical operations 

to convert the data into a useable form. 
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A.2) Mathematical data conversion 

 

 After the spectrometer obtains an interferogram, it must convert the plot of 

intensity versus moving mirror position, to a plot of intensity versus wavenumber.  A 

computer program with the ability of taking a Fourier transform can complete the 

conversion.  This process is normally done automatically by the spectrometer software, 

normally via the fast Fourier transform algorithm (FFT).[5]  The operation generates a 

plot called a single beam spectrum which is the raw spectral data in frequency space, 

from which, more refined data analysis proceeds.  The form of the single beam spectrum 

(R) is mostly due to three parts: the intensity of the light source, (I0(ω))  the response of 

the detector, (F(ω)) and the contribution of absorbing species ( [ ]bc)(exp ωε−  ).  Optical 

absorption is often described with the Beer-Lambert law which describes the exponential 

attenuation of the beam by a sample with a concentration of absorbing species c, having a 

molar absorbtivity of ε(ω).  Also, the length of the beam path through the sample affects 

the amount of absorption and is given by b.[4,6,7]   

(4) [ ]bcIFR )(exp)()( 0 ωεωω −∝  

 Often, data is presented in terms of absorbance, which is a method of subtracting 

details from the single beam spectrum not directly related to the absorbing species of 

interest.  There are other ways of presenting the data, but the method almost exclusively 

employed throughout this research is given in equation 4, where A represents the 

absorbance, while R and R0 represent the single beam spectrum containing the data of 

interest and the single beam spectrum containing only background information, 

respectively. 
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(5) bcRRA )(lnln 0 ωε=−=  

 A critical point related to the computation of an absorbance spectra and a 

potential source of confusion results from the two different choices of background spectra 

used throughout the results section.  Normally, when one takes the absorbance spectra of 

a sample, he or she is interested only in the absorptions of film as prepared.  In this case, 

the background one would use contains only information relating to the detector 

response, the photon source, and the optical elements of the spectrometer, usually called a 

blank spectrum.  However, during the course of in-situ spectroscopy, one will generally 

modify a parameter of the sample and monitor how the spectra changes as a function of 

that parameter.  To be more concrete, when the voltage is modulated during the in-situ 

spectroscopic method employed here, the voltage induced changes are of interest.  In 

order to isolate those changes, which can be somewhat small, the background subtracted 

belongs to the neutral sample.  This will be referred to as a difference spectrum, and gives 

one the ability to directly observe the absorption spectra of charge carriers.  In the interest 

of completeness, it is also possible to observe features opposite in sign due to a decreased 

absorbtivity of neutral portions of the film.  This process is called spectral bleaching.  To 

restate, two different types of spectra data are presented in the results section: absorbance 

spectra which use a blank background, and difference spectra which use the unbiased 

device as a background.  

 

A.3) Artifacts and noise 

  

 Often, the magnitude of the spectral changes one wishes to observe is small.  
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Thus, it is important to understand the potential sources of noise and spectral artifacts that 

can enter into a data set to avoid a misinterpretation of the data.  One can approach this 

problem by considering terms in equation 4 unrelated to the absorption of the sample.  

Often these and other factors can change in a manner out of the control of the 

experimenter.   This point cannot be overemphasized; uncontrolled aspects of a 

spectroscopic experiment can cause artifacts that can be easily misinterpreted.  Perhaps 

the easiest way to avoid this sort of error is to follow the maxim “Know how the 

spectrometer can lie to you.”  This knowledge comes from looking at a number of spectra 

in which no spectral features are expected.  This is an important exercise, but the lessons 

learned from it are often dependent upon the exact spectrometer one is using.  As a result, 

the rest of this section will include brief discussions of the physical sources of artifacts 

and noise resulting from specific components of the spectrometer.  Most of the sources of 

noise and artifacts observed by me are related to IR intensity fluctuations, inherent 

current fluctuations in the detection electronics, and issues arising from detector warming 

and cooling. 

 One source of noise can be linked to changes in the intensity of the light source, 

represented in equation 4 as I0(ω).  Recalling that a typical infrared light source is 

roughly modeled as a radiating black body,[1,4] variations in the light intensity can be 

described in terms of variations in the temperature of the source.  Temperature variations 

in the light source affect not only the intensity of the light, but its spectrum as well.[2]  

Thus spectral variations due to variable filament temperatures will have a broad, often 

curved shape.  If the filament temperature is not explicitly controlled, long timescale 

power fluctuations in the power source can result in artifacts which consistently appear in 
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a similar form.  One mechanism for power fluctuations occurring over hour timescales 

can be linked to the output of a wall outlet, for example.[8]  Sources of noise that become 

more prominent at low frequencies, contribute to what is generally called 1/f, or pink 

noise.[8]  

 Another major source of noise comes from the detector itself and the electronics 

connecting it to the rest of the spectrometer.  Sources of noise in photoconductors are 

often linked to Brownian motion of charge carriers, the statistical distribution of photon 

flux with time, and the discreet nature of electrical current.[8]  These are statistical 

fluctuations and tend to produce the familiar looking, rapidly oscillating, random 

fluctuations about the mean signal level.  The level of the fluctuations can be decreased 

by averaging a larger number of measurements.[8]  However, an arbitrarily large number 

of measurements cannot be averaged without taking steps to diminish the effects of 1/f 

noise operating at long timescales.   

 Another source of 1/f noise which is evident in FTIR experiments is due to 

detector warming and cooling.  An infrared photoconductive element has by necessity, a 

small band gap.  Thus the thermal excitation of carriers across the band gap can 

contribute significantly to the conductivity of the detector element.  Thus, the detector 

must be cooled, usually with liquid nitrogen.  Despite being connected to a vacuum 

insulated dewar, infrared detectors can warm slightly during the course of their operation, 

causing the baseline signal to drift over time, and eliminating the potential increase in the 

signal to noise ratio from averaging large numbers of spectra.     
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B) Attenuated Total Internal Reflection 

 

 As stated in the previous section, many spectroscopic sampling methods exist for 

infrared spectroscopy.  However, the experiments done as a part of this thesis used one 

sampling technique exclusively.  This technique is multiple attenuated total internal 

reflection (ATR) Fourier transform infrared spectroscopy (FTIR).  In ATR infrared light 

is reflected inside of an optical waveguide, allowing the light to interact with a thin film 

of material on its surface (see figure III.2).[6]  The optical waveguide can be constructed 

such that many reflections occur, allowing multiple sampling interactions, and increasing 

the overall signal level by an amount proportional to the number of reflections.  The use 

of multiple internal reflections is a specific type of ATR, and is frequently also given the 

acronym MIR for multiple internal reflection.   

 

Figure III.2  Total internal reflection.  

An incident beam of light is reflected 

from the interface of two dielectric 

media.  At the point of reflection, a 

rapidly decaying electric field 

propagates away from the interface.  

This phenomenon is commonly used 

for infrared sampling and is often 

referred to as ATR. 
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B.1) Snell’s law and the evanescent wave 

  

 On the simplest level, the total internal reflection process is a consequence of 

Snell’s law of refraction.  Snell’s law describes the change in the angle of an incident 

light beam changes as it passes from one non-absorbing medium to another.  The change 

in angle is related to the change in a material property called the optical density, or more 

often, the index of refraction.  The index of refraction has another important 

interpretation as the ratio of the speed of light in the vacuum and the speed of light in a 

non-absorbing medium, and is related to the complex dielectric function.[3]  Equation 6 

is a statement of Snell’s law where θ1 is the incident beam, θ2 is the transmitted beam, n1 

and n2 are the indices of refraction, or optical densities, for the two different materials 

(see figure III.3). 

(6) 1
2

1
2 sinsin θθ

n

n=  

 

Figure III-3.  Snell’s Law.  An 

incident light beam approaching the 

interface between two dielectric 

media with some angle from normal 

incidence (θ1) is deflected to a new 

angle (θ2) in proportion to the 

difference in the optical densities 

(n1, n2) between the two media. 

 

 Total internal reflection occurs as the right side of equation 6 becomes larger than 

one.  That is, none of the beam is transmitted from the first to the second medium, and 
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the beam is completely reflected from the interface.  This occurs when the incident angle 

is large and n1 > n2..  The minimum angle necessary to facilitate total internal reflection 

(often called the critical angle, θC) is a function of the indicies of refraction of the two 

materials.  Note that this angle decreases as n1 increases and does not occur when n2 > n1. 

(7) 




= −

1

21sin n
n

Cθ  

 When the right side of equation 6 is greater than one, the angle of transmitted 

beam cannot be a real quantity, because the sine of a real number is always less than or 

equal to one.  This is an important observation in the treatment of total internal reflection 

in terms of classical electromagnetic theory.  The consequence of this observation 

becomes apparent when one writes a plane wave description of the electric field (E) in 

two dimensions (x,z) in terms of the angle of incidence (θ1).  In equation 8, the intensity 

of the electric field is given by E0, and magnitude of the wavevector is given by k.[3] 

(8) [ ]220 cossinexp θθ ikzikxEE +=  

 The cosine of angle can be obtained from the trigonometric identity associated the 

Pythagorean theorem.  However, since the sine of the angle is greater than one, the cosine 

is no longer a real number. 

(9) 1sinsin1cos 2
2

2
2

2 −=−= θθθ i  

 Combining equations 6, 8, and 9 yields an equation for the electric field which 

penetrates into the second medium, but is exponentially attenuated.[3]  This is called an 

evanescent wave, and is the mechanism responsible for the effectiveness of ATR as an 

infrared sampling technique.  It is important to note that the attenuation factor is 

proportional to the wavenumber of light, and is of the same order of magnitude.   
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(10) ( ) 
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B.2)  Choosing an ATR crystal 

 

 From the discussion above, it can be shown that there are a few practical 

considerations to take into account when choosing a material to serve as the optical 

waveguide.  The first is that a good ATR element has a large index of refraction.  This 

property is especially important if one wishes to make ATR measurements on a variety of 

films, some of which have a moderately high index of refraction.  For example, an ATR 

measurement of a thick film with a large index of refraction would be impossible if the 

index of refraction of the ATR crystal is not higher still.  Thus, the list of good choices 

for ATR crystal materials is immediately shortened.  Typically, only inorganic 

semiconductors have real indicies of refraction which are high enough for this 

purpose.[9]   

 Another consideration when choosing an ATR crystal material is that it has a 

large tranmissive window.  That is, a good ATR crystal will be transparent to a wide 

range of frequencies, especially the frequencies one is most interested in.  This eliminates 

highly conductive samples, for example, metals and heavily doped semiconductors.  For 

an inorganic semiconductor, the upper limit of the transparent window is dictated by the 

band gap of the material, while the lower limit is dictated by the onset of optical phonon 

absorption or free carrier absorption.[9,10]  For example zinc selenide, is a wide band 

gap semiconductor, and is transparent even into visible frequencies, making it a natural 

choice for observing features in the near infrared.   



 

 69 

 Occasionally, one will wish to use a lightly doped semiconductor as an ATR 

substrate.  This allows for the transmission of a wide range of frequencies, while 

simultaneously allowing the semiconductor to be used as an electrode.  This is especially 

useful in the context of some of the in-situ spectroscopic methods applied here, in which 

the ATR crystal serves as one side of a capacitor. However, one must carefully choose 

the correct doping level so as to balance the transmission properties and electrical 

properties.  

 The optical properties of a lightly doped semiconductor at room temperature can 

be described by Drude absorption, using the dopant concentration as the number of free 

carriers.[12]  This assumes that all of the dopants are ionized at room temperature, and at 

the very least, provides an upper bound to the absorption by the free carriers in the 

crystal.  For most semiconductors, material specific constants found in Drude’s law have 

been measured, allowing a quantitative measure of the crystal absorbance one can expect 

at each frequency.  

 Often the mechanical and chemical properties of the ATR material are a chief 

concern.  For example, silicon crystals are mechanically robust and can be treated and 

cleaned with strong acids, most notably, a sulfuric acid/hydrogen peroxide mixture 

commonly referred to as piranha.  Other ATR crystal materials are not nearly as stable.  

Germanium has a water soluble oxide and can therefore be dissolved in aqueous solutions 

of strong oxidizing agents, such as piranha.  Zinc selenide, another useful ATR crystal 

material, will decompose into dihydrogen selenide, a poisonous gas, upon treatment with 

acid.[13]  
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 Also of note is the poor mechanical stability of germanium and zinc selenide.  

Dropping the crystal a distance of 10 cm can deliver enough stress to shatter the crystal.  

This fact required the development of a few techniques for crystal handling, which 

although not remarkable in their ingenuity, significantly decreased the rate of ATR 

crystal breakage.   

 Frequently, ATR crystals were broke while manipulating them with tweezers.  

Accidents occurred most often while rinsing or drying the crystals, where the crystal was 

held against the flow of a gas or liquid.  A solution to the problem is to wash and dry 

crystals while they were held in a test tube.  Polyethylene tubes with holes drilled in the 

bottom were effective.  

 Crystal polishing was another activity which resulted in many broken crystals.  

Typically, ATR crystals were shipped as 1 mm thick plates, in the form of wafers (Ge,Si) 

or irregularly shaped stock (ZnSe).  Thinner materials were tried without success.  A 

local contractor was then used to dice the wafers to size. Typically, 1cm x 3.125 cm 

pieces were cut although 1cm x 5 cm pieces were also used.  After obtaining the correctly 

sized crystals, they had to be polished into the shape of a parallelogram by hand.  During 

this process, the crystals were placed in a specially designed holder, and held in place by 

a piece of poly(dimethoxy silane) (see figure 3).  Despite efforts to the contrary, ATR 

crystals were often subjected to forces greater than they could withstand and would crack.  

This problem was resolved by encasing the crystal in acrylic prior to polishing.  In the 

case of zinc selenide, thin metal supports were included near the crystal surface to add 

extra rigidity.    
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Figure III-4.  Holder for ATR crystal 

polishing.  Lapping film is used to 

polish a beveled edge.  The crystal is 

held between the rigid front and the 

PDMS pad by a tension bolt which 

pushes a rigid cap against the PDMS.  

The rigid front is bolted to the main 

body. 

 

 In summary, ATR is a useful spectroscopic sampling technique that can make use 

of multiple reflections to increase the amount of signal detected in the experiment.  The 

phenomenon of attenuated total internal reflection can be described by basic geometric 

optics and using the electromagnetic wave description of light.  In choosing an 

appropriate ATR crystal material, one must take the following into consideration:  the 

index of refraction, the breadth of the useful spectral window, the doping level, and the 

mechanical and chemical stability of the material.  Poor chemical and mechanical 

stability are concerns which can be mitigated with careful technique.   
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C) In-situ Spectroscopy: Device Fabrication and Testing 

  

 In-situ spectroscopic measurements of charged organic semiconductors comprised 

the majority of the experimental data obtained throughout the course of the thesis 

research, and the basic methodology remained unchanged.  The basic experimental 

methodology was to build a MIS capacitor on a waveguide enabling infrared and near 

infrared spectroscopic measurements to be made via the ATR technique (see figure III.5).  

From a device fabrication perspective, the differences from experiment to experiment can 

be related to changing some important parameters and/or materials used in each step of 

fabrication.  Device fabrication can be broken down into three steps beginning with 

semiconductor deposition, followed by the placing of semiconductor electrodes, and 

completed with dielectric deposition.  After the device was completed it was placed into 

the infrared or near infrared beam path and connected to a voltage source.  The focus of 

this section is to discuss each step in detail.  



 

 73 

 

  

  

  

Figure III-5.  Stepwise device construction.  Steps are followed from right to left and top 

to bottom.  Obtained an ATR crystal, took a background spectrum.  Deposited a 

semiconductor thin film.  Vapor deposited metal contacts .  Deposited dielectric from 

solution or paste method.  Affixed top electrode by metal vapor deposition or paste 

method.  Grounded metal-semiconductor contacts and applied voltage to the top electrode 

while recording infrared and near infrared spectra.  
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C.1)  Thin film deposition 

 

 The first step to fabricating a device is the deposition of a thin film of organic 

semiconductor.  One way of accomplishing this task is by a spin coating process.  Spin 

coating is a technique commonly used in polymer science to create a smooth polymer 

film by placing a liquid solution on a substrate and rotating the substrate fast enough to 

drive solution off of the substrate.  If the surface energy is favorable, a thin liquid film 

will remain on the substrate.  This film will dry leaving behind the polymer.  The final 

thickness of the polymer film depends upon the thickness of the liquid film before drying 

and the concentration of the polymer in the film.  Although these quantities are not 

independent, it allows one to intuitively grasp that the thickness of the polymer film 

decreases with increasing spin speed and decreasing concentration of the polymer 

film.[14] 

 Spin coating was the method used to deposit thin films of poly(3-hexylthiophene) 

(P3HT) on an ATR crystal, which serves as the substrate for an MIS device (see figure 

III-6 for the molecular structure of P3HT).  The solutions were usually 20 mg/ ml of 

P3HT in 1,2 dichlorobenzene.  Dichlorobenze was chosen as a solvent because it has a 

low vapor pressure and there is a correlation between low vapor pressure solvents and 

smooth P3HT film morphology, as well as improved transport characteristics.[15]  The 

spin speed used was either 400 or 800 rpm, resulting in film thicknesses of 200 and 100 

nm, respectively, as verified by profilometry and atomic force microscopy, by Travis 

Mills, and Matthew Goertz.  The films were spun for 30-60 seconds and visually 

inspected for large scale inhomogeneities before being left to dry overnight.  It was found 
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that the presence of large scale inhomogeneities could be minimized by making sure the 

substrate was as clean as possible.  As a brief side note, it was found that treating the 

substrate with a hydrophobic monolayer of octadecyltrichlorosilane made spin coating 

difficult; the P3HT solution would not wet the substrate, instead forming droplets which 

easily moved off of the substrate. 

S
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C6H13 C6H13
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C8H17 C8H17
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Figure III-6.  Organic semiconductors used for 

experiments.  P3HT is a p-type polymer 

semiconductor deposited through spin coating.  

PTCDI-C8 is an n-type small molecule organic 

semiconductor deposited via physical vapor 

deposition. 

 

 The other method of organic semiconductor deposition used during this research 

was physical vapor deposition.  The organic semiconductor molecules are sublimated 

under high vacuum by the use of a resistively heated furnace.  The substrate, in this case 

an ATR crystal, is held above the furnace and the flux of sublimating molecules 

condenses on the substrate.  The thickness of the film is measured by a quartz crystal 

microbalance which was calibrated by others in the Frisbie lab to calculate film thickness 

during the deposition process.  The molecular semiconductor most frequently used was 

N,N dioctyl-perylene tetracarboxylic diimide (PTCDI-C8, see figure III-6).  The 

conditions for deposition were taken from Chesterfield, et. al. [16] and are as follows:  

the furnace temperature was near 200 C0, the substrate temperature was 100 C0, and the 
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film thickness was usually 20-30 nm. Typically, the initial stages of film deposition were 

done more slowly (0.05 Å/s) than later ones (0.15 Å/s) for the purpose of improving film 

morphology.  

 It was found during the course of the research that evaporated films of organic 

semiconductor molecules, especially PTCDI-C8, adhere poorly to ATR crystal substrates.  

This can be especially problematic when large area devices are being fabricated, and the 

films are subjected to mechanical stress.  The situation was improved dramatically 

through the use of self assembled monolayers (SAMs).  

 The idea behind the use of self assembled monolayers to improve the adhesion of 

vapor deposited organic semiconductors on an ATR crystal was to increase the 

hydrophobicity of the crystal.  The energetic attraction between a surface and water is 

described as a hydrophilic interaction.  When that interaction is unfavorable, a surface is 

described as hydrophobic.  For example, the native oxide that naturally forms on a silicon 

surface is hydrophilic, that is, a water droplet naturally spreads across the surface, rather 

than appearing more spherical.  The angle between the surface and the leading edge of 

the droplet is called its contact angle and can be used to gauge the hydrophobicity of the 

surface.[17] 

 Using self assembled monolayer chemistry, a single layer of organic molecules 

can be attached to the surface of a substrate, changing its wetting properties.  For 

example, attaching a monolayer with a long alkyl chain to the previously mentioned 

silicon surface changes the surface from hydrophilic to hydrophobic.  The thought behind 

doing SAM chemistry on ATR crystals was to make the organic semiconductor 

molecules wet and subsequently, adhere to the crystal surface more effectively.  In the 
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case of PTCDI-C8 films, the strategy worked, as demonstrated by the scotch tape test (the 

semiconductor film remained on the crystal surface after the application and removal of a 

piece of scotch tape).   

 

C.2) Self assembled monolayer chemistry 

 

 There are a variety of methods for attaching organic molecules to the surface of 

inorganic solids, and an in depth discussion of them would be more than a minor 

digression.  Thus, the discussion will be limited to octadecyltrichlorosilane (OTS) 

monolayers on silicon oxide, and dodecyne monolayers on germanium.    

 OTS monolayers were grown on the surface of a silicon ATR crystal first by 

cleaning the crystal in boiling piranha (3:1 H2O2:H2SO4 by volume).  After the crystal 

was removed from the solution, it was washed with water, then ethanol and dried under a 

stream of argon.  Ethanol was used in order to speed the drying process, and was 

specifically chosen because it does not leave behind a residue as does acetone, for 

example.  After the crystal was dry, it was immersed in a 0.01 M solution of OTS in 

bicyclohexyl and allowed to react for several hours.  The crystal was then removed from 

the OTS solution, washed with toluene and sonicated in toluene for an additional 3-5 

minutes.  After sonication the crystal was washed with ethanol, water, then ethanol once 

more and dried under a stream of argon.  The contact angle of a water droplet was 

measured by eye and found to be 900±100.  Additionally, an OTS film made by this 

procedure was examined by Vivek Kalihari of the Frisbie lab using atomic force 

microscopy (AFM).  The result is found in figure III-7.   
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Figure III-7.  AFM image of OTS on SiO2.  After treating the SiO2 surface with OTS, 

objects with a height of 5 nm or less were prevalent on the surface.  The remainder of the 

film appears homogenous with feature sizes of about 1 nm.    
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 Monolayers of dodecyne were also grown on germanium ATR crystals.  The 

procedure follows that of Choi et. al.[18] and begins with cleaning the crystal in a mild 

solution of hydrogen peroxide (30% in H2O) for 1 minute, before rinsing with water and 

drying with argon.  The crystal was then stripped of its native oxide by treatment in 

(10%) ammonium fluoride for 3 minutes, before rinsing with water and drying with 

argon.  Ammonium fluoride is a particularly hazardous reagent; care should be exercised 

during this step.  After treatment with ammonium fluoride, the crystal is immersed in a 

25% v/v solution of dodecyne in mesitylene.  The crystal is placed inside of a clean 

Teflon sheath to prevent it from chipping against the glass reaction vessel.  The vessel is 

purged with argon, stirred, and heated to 190 C0, and allowed to react overnight.  After 

cooling the reaction vessel, the crystal is rinsed with dichloromethane then ethanol, and 

dried under argon.  The contact angle of water on the crystal was found to be (80±100).  

As a basis of comparison, the contact angle of water on a clean Ge surface is (250).  

While a more rigorous evaluation of the effectiveness of the surface chemistry would 

have provided clearer evidence that the monolayer attachment was successful, the change 

in contact angle is a measure of the surface property that is most relevant in improving 

organic semiconductor adhesion.   

 

C.3) Metal contact deposition  

 

 After the semiconductor layer has been deposited on the ATR crystal, metal 

contacts are deposited upon the organic.  In this thesis, gold was used exclusively as a 

metal contact.  In the case of transistor fabrication, depositing metal electrodes on top of 
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an organic semiconductor film is referred to as a top contact configuration.[14]  Vapor 

deposition is probably one of the most utilized methods of deposition metal contacts.  

One of the reasons for this is likely due to the fact that a vapor deposited metal layer will 

conform to the shape of the underlying material, making a good physical contact.  The 

other reason, perhaps, is that it is relatively easy to obtain a desired pattern through the 

use of a shadow mask.   

 A shadow mask is simply a sheet with a pattern cut into it.  The mask is placed in 

front of the substrate and selectively blocks the flux of metal vapor, ideally leaving the 

exact pattern in metal on the substrate.  There are many ways of constructing shadow 

masks and many materials to construct them from.  However, one of the most accurate 

methods is etching a pattern in a thin silicon wafer via lithographic techniques.  However, 

thin silicon wafers are somewhat fragile, making thin steel sheet a reasonable alternative.  

During the experiments described in the results section, both methods were used. 

 The electrode pattern used in chapters V, VI, and VII is depicted in figure III-8.  

This pattern was through etched into a silicon wafer by Lage Matzke in the UMN 

nanofabrication center.  The center of the pattern is the active area of the device.  In the 

active area, the channel width is 500 µm and the length is 1.5 cm. The feature size is 300 

µm, and the overall size of the pattern is 3.175 cm.  The staggered pattern used was 

intended to allow every other electrode to be held at a different potential, opening the 

possibility of source-drain current measurements in a transistor configuration.  This is a 

possibility for future work.   
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Figure III-8.  500 µm shadow mask.  The 

electrode pattern used for the experiments of 

chapter V, VI, VII.   

   

C.4) Dielectric deposition 

 

 After depositing the metal electrodes, the next step towards making a working 

device is to deposit the dielectric material.  Most of the dielectrics studied share a 

common feature, namely that they are ion conductors comprised of poly(ethylene oxide) 

(PEO) and an electrolyte of some kind.  Three electrolytes were examined: lithium 

perchlorate, poly(ethylene imidium) perchlorate, and lithium poly(styrene sulfonate). 

Recipies for making each and the physical methods of their deposition will be described.   

 

C.4.1) PEO:LiClO4 

 

 The first dielectric used in this research was a solution of lithium perchlorate in 

poly(ethylene oxide), referred to here as PEO:LiClO4.  The PEO used in this dielectric 

had a molecular weight of 100 kD and came in powered form.  The PEO was mixed with 

LiClO4 in a mole ratio of 16 ether oxygen atoms per lithium atom.  This was found to be 

the ratio that maximized the ionic conductivity.[19]  Both components were mixed in a 

solution of acetonitrile (3-6% m/m). Acetonitrile is a convenient solvent because is has a 

low boiling point which makes drop casting easier and is a non-aqueous solvent which 

dissolves both species.   
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 The transistor research on which this research is based used mostly drop casting 

as a means of dielectric deposition.[14]  However, problems were encountered when this 

methodology was extended to the fabrication of devices for in-situ spectroscopy.  The 

problem encountered was a result of the unfavorable surface interaction between the PEO 

solution and organic semiconductor molecule PTCDI-C8, preventing the formation of a 

dielectric layer on top of the PTCDI-C8.  In the transistor measurements, this problem 

was not encountered because the channel width was 200 µm, and the PEO had no trouble 

forming on top of gold.   

 The solution to the problem of surface energy mismatch was to mechanically hold 

the PEO solution on the active area of the channel, forcing the dielectric to form on the 

organic semiconductor.  This was accomplished by the use of rubber die pictured in 

figure III-9.  The ATR crystal was held against a plastic backing by putting pressure on 

the rubber die, and a seal was formed between the rubber and the crystal.  The dielectric 

solution was introduced into the die and then left to dry overnight.  Because the success 

of the procedure requires a good seal between the rubber die and the ATR crystal, the 

construction of the rubber die had to be rather exact. 
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Figure III-9.  PDMS die.  Two representations of the PDMS piece used in die 

casting the PEO:LiClO4 dielectric.  The four holes on the outside edges are for 

bolts that hold the piece in place during casting.   The rectangular hole in the 

center is where the PEO is cast.  The place for the ATR crystal can be seen in the 

wire frame image. 

 

 The rubber die was constructed from poly(dimethoxy silane) (PDMS) obtained 

through the Dow Corning company.  This material is flexible, but can hold even 

microscopic patterns on its surface.[20]  After mixing the material with a curing agent, 

the PDMS solution was poured onto the plastic backing with a specially modified ATR 

crystal in place.  To define the placement of the dielectric and provide a large volume for 

the PEO solution, a rectangular piece of aluminum was cut and glued with epoxy to a 

blank crystal.  This crystal was put in place and the PDMS was poured around it and the 

plastic backing.  After degassing the PDMS at -10 psi (gauge) for 20 minutes, the PDMS 

was cured at 80 C0 1-2 hours, or until firm and not tacky.  Once the PDMS die was 

prepared, it was treated with OTS vapor overnight.  If this step is omitted, the PEO 

dielectric solution would adhere to the walls of the PDMS well enough to make its 

removal quite difficult once dried.   
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 Using the PDMS die, it was possible to deposit a continuous dielectric layer 

across the surface of the device.  Fortunately, the properties of the dielectric do not 

depend sensitively upon thickness, as the dielectric thickness was rarely uniform, varying 

between 0.1 and 0.5 mm.  The device was finished by evaporating a metal contact on the 

top of the PEO dielectric.  As previously observed,[14] it was important not to let the 

shadow mask used in the metal evaporation process touch the PEO dielectric during the 

metal evaporation process.  This was usually accomplished by keeping the mask elevated 

from the sample by about 1 mm.  The somewhat large spacing was tolerated because the 

accuracy with which the electrode was placed was not as critical of a parameter in the 

purely spectroscopic measurements.   

 

C.3.2) PEO:PEIClO4 

 

 Another dielectric formulation that was tried employed a polycation.  The 

polycation chosen was poly(ethylene imidium perchlorate) (PEIClO4), and is pictured in 

figure III-10.  This molecule is only commercially available in as poly(ethylene imide) 

(PEI).  However, charge state of the polymer is pH dependent, thus titration with and acid 

can be done to ensure that the majority of the polymer is positively charged.  Perchloric 

acid was chosen for the task because it is a strong acid and the perchlorate ion is part of 

the lithium perchlorate dielectric mentioned in the previous section.  The perchlorate 

solution was relatively dilute (0.1 M in water) because perchloric acid is a strong 

oxidizing agent and reactions using concentrated solutions can become dangerously 

exothermic.[21]  The mole ratio of PEI to perchloric acid is between 2:1 and 1:1 to 
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ensure that PEI is in excess.  The resulting solution is then rotovaped and heated to 100 

C0 under vacuum to drive off as much moisture as possible.  The resulting polymer is a 

fluffy yellow solid.   

SO3
- Li+

LiPSS  

N

H

H

ClO4
-

PEIClO4  

O

PEO  

Figure III-10.  Dielectric polymers.  All dielectric materials 

described in the text used PEO as an ion conductor.  PEIClO4 is 

designed to gate n-type materials, while LiPSS is designed to 

gate p-type organic semiconductors. 

 

 After the PEIClO4 is made, it is mixed with PEO.  The mole ratio of PEO to PEI 

monomers was 16:1, although it is likely that this ratio could be better optimized.  The 

molecular weight of PEO was chosen to achieve a viscosity similar to that of peanut 

butter.  This was done in order to facilitate deposition by the paste method.[22]  In the 

paste method, an electrode is constructed with metal foil and the dielectric is placed on 

the foil.  The device is completed by gently pressing the dielectric against the 

semiconductor.  The paste method is explained in further detail in section C.3.3. 

 

 

 

 



 

 86 

 

C.3.3) PEO:LiPSS  

  

 A dielectric material using a polyanion was made from lithium poly(styrene 

sulfonate) (LiPSS), pictured in figure 8.  This material is commercially available as a 

30% wt solution in water.  Because the presence of water is harmful to device 

performance, the LiPSS must be carefully dried.  This was done by first using a rotovap, 

then by heating under vacuum to 100 C0.  The resulting polymer was off white and flaky.  

LiPSS is not soluble in a large variety of non-aqueous solvents, methanol and ethylene 

glycol being exceptions.  The dried polymer was dissolved in methanol and mixed with 

molecular sieves in order to remove more water.  Other chemical drying agents were 

avoided for fear that they may introduce trace ionic impurities and disrupt device 

performance.  The solution was left to set overnight. 

 Once the LiPSS solution was decanted from the molecular sieves, it was mixed 

with PEO.  As was the case with the other polyelectrolyte, the molecular weight of PEO 

was chosen such that the viscosity of the dielectric solution was compatible with the paste 

method.[22]  Several formulations were made and tested, and although no consistent 

differences were noted, good results were obtained from the following mixture: 3% 

LiPSS, 93% PEO (0.3 kD), 4% PEO (100 kD) by mol of monomer.   

 As stated before, dielectric deposition was done via the paste method.  This 

method came to be preferred because of the challenges with solution casting outlined in 

section C.3.1 on the PEO:LiClO4 dielectric.  The paste method works by coating a foil 

electrode with dielectric and pressing the dielectric against the semiconductor layer.  
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However, there are ways of making the foil electrode which make this process easier and 

more robust.  The first suggestion is to use gold coated foil.  Gold is not as reactive as 

other electrode materials (copper, aluminum, sliver) and its lack of a native oxide also 

makes it a good choice for electrical reasons.[23]  However, gold foil is quite expensive, 

thus developing a useable alternative to pure gold foil is worthwhile.  After some 

experimentation, it was found that ordinary aluminum foil coated first with a chromium 

adhesion layer followed by a relatively thick gold layer was mechanically stable (the gold 

did not flake off when strained.)   

 Another suggestion for creating a workable electrode for the paste method is to 

include a plastic backing behind the foil.[22]  This was accomplished by using double 

side sticky tape to affix the gold coated foil to a small piece of polystyrene sheet.  The 

sheet used was the kind typical of overhead projector slides.  Once the gold coated foil 

was attached to the polystyrene backing, a thin copper wire was soldered onto the 

backside of the foil to help in connecting the device to an electrical circuit.   

 

C.4) Integrating spectroscopy with electrical measurements 

 

 After the completion of a device it needs to be positioned for spectroscopic 

measurements while simultaneously being connected to an electric circuit.  While this is 

not a feat of engineering in and of itself, there are better and worse ways of 

accomplishing the task.  In addition, it is advantageous to control the atmosphere in 

which the experiments are conducted, as organic semiconductors are prone to chemical 

degradation.  The evolution of the experimental methodology will be presented 
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chronologically to describe the experimental conditions used for each experiment in 

addition to describing the experimental challenges encountered and the methods used to 

circumvent them.   

 Results from first set of successful experiments are presented in chapter IV.  The 

sample was contained in an acrylic box with a top which could be fastened, and was 

inherited from previous researchers, the last of which was Yongseok Jun.  This design 

allowed the removal of atmospheric water and carbon dioxide by purging the container 

with house nitrogen.  Both water and carbon dioxide have a large absorption cross section 

in the infrared, and removing them cleans up the spectrum.  To that end, the design was 

effective, reducing CO2 and water levels below the limits of detection with the 

spectrometer.  However, the atmosphere inside the enclosure could not be classified as an 

inert atmosphere, because oxygen levels were not measured directly and were not likely 

to be in the ppm range.   

 The method of making electrical contact to the device was to solder copper wires 

to the gold contacts using a liquid metal as a cold solder. The liquid metal employed was 

gallium-indium eutectic, which does not wet either metal surface well, but well enough to 

facilitate contact.  This method of making connection requires patience.  The thin copper 

wires are somewhat difficult to control and the eutectic provides only a small amount of 

adhesive action.  Also, the eutectic coated wires also have a tendency to place eutectic on 

areas where it is not wanted, for example on the surface of mirrors.  Given a little time, 

however, connection between the voltage source and the device can be made.  The 

voltage source originally used was controlled manually and the voltage read from a hand 

held voltmeter.   
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  The next set of published experiments (chapter VII) was conducted inside of an 

inert atmosphere glove box.  The glove box came equipped with an oxygen sensor which 

had a detection limit of 0.1 ppm.  The atmospheric control contributed to the 

reproducibility and reversibility of the experiments.  In addition, a new spectrometer was 

purchased which allowed an extended spectral range and provided better stability and 

signal to noise ratio.  Apart from the general concerns of setting up a new piece of 

equipment, bringing an infrared beam into a glove box required the design of a KBr 

window to be placed over an auxiliary port on the glove box.  This was done by Travis 

Mills.   

 A strange challenge to overcome during the process of setting up the new 

spectrometer was designing a method of delivering ultrapure liquid nitrogen into the 

glove box.  It was found that the IR detectors should be placed inside the box, however 

the MCT detector is cooled with liquid nitrogen, and it defeats the purpose of using a 

glove box if anything but pure liquid nitrogen is introduced into the box.  The method 

designed to accomplish this was to take pure nitrogen gas from a high pressure tank and 

liquify it in a copper condenser.  The condenser was placed into a dewar of liquid 

nitrogen and the pressure of gas in the line was made to be significantly greater than 

atmospheric pressure.  This raised the boiling point of the gas in the line and allowed 

liquid nitrogen to be used as the cryogen in the dewar.  Once liquefied, the fluid can be 

pumped into the box.  Some liquid will be lost along the way from imperfect insulation of 

the line and from the drop in pressure as the fluid enters the box, but this technique 

allows the delivery of liter quantities of ultrapure liquid nitrogen into the glove box.  As 

with any experiment using pressurized liquid cryogen, pressure release valves are a 
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necessary safety measure.  Also, pressures inside the glove box during the procedure can 

become quite large, potentially damaging the box and anything in it.  However, this can 

be handled by keeping the inside door of the load lock open and using the mechanical 

pump to directly regulate the pressure. 

 Moving the experiment into the glove box was a good opportunity to redesign the 

way that electrical connection was made to the sample.  The solution to improving the 

technique was to more directly integrate the sample holder with the electrical measuring 

apparatus.  The current sample holder design is pictured in figure III-11 and shows how 

this was accomplished.  The two vertical posts indicated by an arrow in the figure can be 

wrapped with a conductive material the making it much easier to contact the ATR device 

by means of an alligator clip.  It is worth noting that a more careful design of the 

wrapping material should enable many electrodes to be contacted individually should 

more sophisticated electrical measurements become necessary.     

 

Figure III-11.  ATR sample 

stage.  This configuration is 

designed to both hold the sample 

in place while making electrical 

contact.  In order to do so, 

electric contacts on the device 

must be facing the horseshoe 

shaped part which must be 

wrapped in a conductive tape 

(copper tape has been used). 
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 Contact to the top electrode was at first accomplished by the use of copper tape or 

wire and gallium indium eutectic.  However, performing experiments inside a glove box 

reduces the manual dexterity of the researcher, making this a less than ideal method.  A 

more sophisticated method was developed through the use of the paste technique 

described in section C.3.4 of this chapter.  The top electrode was made such that it 

already contained a copper wire soldered to it, consistently enabling good electrical 

contact to the power source. 

 The power source used starting with chapter V, was a digital instrument (Kiethley 

6517A) enabling a better control of the applied voltage and eventually simultaneous 

displacement current measurements.  This was achieved through the development of 

control software in LabView.  A fuller integration between the electrical components and 

the spectrometer is achievable in principle, and is another direction in terms of instrument 

development.      

 In summary, one of the main challenges of in-situ spectroscopy is the seamless 

integration of spectroscopy with other external controls.  This only occurs when all levels 

of the process are directed towards that integrated goal.  Contrast this with what might be 

called a Frankenstein approach, where dissimilar techniques are unhappily stitched 

together via brute force.  Although this set of adjectives characterizes the earliest attempts 

of this research, modest progress in the integration of both techniques has been made, and 

future directions appear promising.  In short, device fabrication, sample positioning, and 

control software all have to be designed with the unique requirements of both techniques 

in mind.  In so far as that was accomplished, the moniker of in-situ spectroscopy applies 

to this research.   
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IV. Vibrational Spectroscopy Reveals Electrostatic and 

 Electrochemical Doping in Organic Thin Film 

 Transistors Gated with a Polymer Electrolyte 

 Dielectric* 

 

 We apply attenuated-total-internal-reflection Fourier transform infrared (ATR-

FTIR) spectroscopy to directly probe active layers in organic thin film transistors 

(OTFTs). The OTFT studied uses the n-type organic semiconductor, N-N’dioctyl-

3,4,9,10-perylene tetracarboxylic diimide (PTCDI-C8) and a polymer electrolyte gate 

dielectric made from polyethylene oxide (PEO) and LiClO4.  FTIR spectroscopy of the 

device shows signatures of anionic PTCDI-C8 species and broad polaron bands when the 

organic semiconductor layer is doped under positive gate bias (VG). There are two 

distinctive doping regions: a reversible and electrostatic doping region for VG ≤ 2V and an 

irreversible and electrochemical doping regime for VG ≥ 2V. Based on intensity loss of 

vibrational peaks attributed to neutral PTCDI-C8, we obtain a charge carrier density of 

2.9x1014/cm2 at VG = 2 V; this charge injection density corresponds to the conversion of 

slightly over one monolayer of PTCDI-C8 molecules into anions. At higher gate bias 

voltage, VG ≥ 2V, electrochemical doping involving the intercalation of Li+ into the 

                                                 
* This chaper contains published material from the following reference: L.G. Kaake, Y. 

Zou, M.J. Panzer, C.D. Frisbie, X.-Y. Zhu, J. Am Chem. Soc.  2007, 129, 7824.  See 

appendix for copyright information. 
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organic semiconductor film can convert all PTCDI-C8 molecules in a 30 nm film into 

anionic species. For comparison, when a conventional gate dielectric (polystyrene) is 

used, the maximum charge carrier density achievable at VG = 200 V is ~4.5x1013/cm2, 

which corresponds to the conversion of 18% of a monolayer of PTCDI-C8 molecules into 

anions. 

 

A) Introduction 

 
 Charge transport at or across interfaces is central to the operation of a wide 

variety of molecule-based devices, including organic light-emitting diodes, organic thin 

film transistors, (OTFT) organic photovoltaic cells, and nanoscopic molecular junctions 

based on single molecules or a small assembly of molecules. In each of these devices, the 

critical charge transporting interfaces are buried interfaces (e.g., organic-insulator, 

organic-metal, or organic-semiconductor heterojunctions), which are not readily 

accessible to conventional structural or spectroscopic probes. Though there have been 

tremendous advancements in molecule-based electronics in the last a few years, the 

difficulty in determining structure-property relationships at buried interfaces has 

produced a knowledge gap that is a key obstacle to future development. Gaining rigorous 

and verifiable knowledge of the molecular states involved during the build up and 

movement of charge would help to close that gap.  More specifically, the relationship 

between polarons and molecular ions is in need of exploration.   

 In an attempt to address these questions, we fabricate OTFTs on top of an IR 

waveguide and apply ATR-FTIR spectroscopy to measure the vibrational spectra (and 
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thus the structure and conformation) of molecules at the buried interfaces, particularly the 

critically important organic semiconductor/gate-dielectric interface. We have 

demonstrated this approach before for recording vibrational spectra of metal-molecule-

metal or metal-molecule-semiconductor tunnel junctions, but without the application of 

bias voltage.[1] Here, we record FTIR spectra under gate voltage to identify 

spectroscopic signatures unique to gate-induced charge in organic semiconductor thin 

films.  

 Infrared spectroscopy has been used in the study of chemical doping[2,3] and 

electrochemical doping[4,4] of conducting or semiconducting polymers in the bulk form. 

Two recent studies have applied FTIR to active OFET devices to gain insight into the 

conduction mechanisms of OFETs under the application of a gate voltage; these studies 

revealed chemical species responsible for charge trapping at the dielectric/semiconductor 

interface[6] and polaron formation within organic semiconductor layers.[7] Optical 

absorption in other wavelength regions has also been used to probe operating OTFTs, 

particularly polaron bands from charge injection under gate bias.[8,9] Note that, in 

principle, there is a Stark effect in the vibrational peak position when an intense electric 

field is applied to a molecular sample;[10] it is too small, however, to be of significance 

to the kind of experiments presented in this report. 

 The present study focuses on the identification and quantification of charge 

carrying species in OTFTs based on multiple reflection ATR-FTIR. We chose multiple 

reflection ATR-FTIR[1,6] because it is more sensitive than transmission based 

techniques. Charge carrying and trapping species are minorities in an organic 

semiconductor film. In a typical OTFT device, gate-injected charge carrier density is 
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usually on the order of 1013/cm2, which is more than 102 times lower than the number 

density of organic semiconductor molecules in an OTFT. To increase charge carrier 

density for better characterization by ATR-FTIR, we use a polymer electrolyte gate 

dielectric, lithium perchlorate in poly(ethylene oxide) (PEO). This approach was 

successfully demonstrated recently to achieve charge carrier densities as high as 1015/cm2 

in OTFTs.[11-13] Such a high charge carrier density results from the high capacitance on 

the order of 10 µF/cm2 due to the presence of mobile ions in the polymer electrolyte 

dielectric. For comparison, the capacitance of a typical polymer or inorganic dielectric 

layer is on the order of 10 nF/cm2. We choose N-N’dioctyl-3,4,9,10-perylene 

tetracarboxylic diimide (PTCDI-C8) as a model system because: 1) it is a known n-type 

conductor; 2) it possesses distinctive IR signatures (C=O stretches) that are sensitive to 

the charge state of the molecule; and 3) it has been successfully demonstrated in polymer 

electrolyte gated OTFTs with charge carrier density as high as 6.4x1014/cm2.[14]  

 When a charge carrier is injected into an organic semiconductor, there is a strong 

tendency for carrier localization.[15] There are two competing trends for an excited 

electron in a molecular solid: delocalization and localization. The driving force for 

delocalization is the resonant electronic interaction characterized by the electron transfer 

integral between neighboring molecules, β, which determines the electronic band width 

∆εB  (∆εB ≈ 4β in the tight-binding approximation). β is of the order of 101-2 meV in 

typical molecular solids.[15] The Uncertainty Principle dictates that localization of the 

electron from a delocalized state is associated with an energetic penalty of δEdel, which is 

approximately equal to half of the electronic bandwidth (~2β). This is because 

construction of a localized wavefunction requires the superposition of all delocalized k 
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states, corresponding to an average energy approximately in the middle of the conduction 

band. The driving force for localization comes from polarization in electronic and nuclear 

coordinates. Electronic polarization occurs on the time scale of the inverse of the Bohr 

frequency, i.e., τ e ≈10−16 −10−15s , which is shorter than the time scale for the electron to 

hop from one molecular site to the other (  τ h ≈ h/ JM ≈10−14s ), and results in an energetic 

gain of the order of ~1 eV in typical molecular solids. Polarization of nuclear subsystems 

occurs on a longer time scales depending on whether it is intramolecular or lattice 

motions. Polarization of intra-molecular coordinates results in a small polaron or 

molecular polaron, with a typical interaction energy of a molecular polaron is 0.1 - 0.2 

eV. The molecular polaron usually forms because the molecular vibration time scale (τv ~ 

2x10-15 - 10-14 s) is on the order of or shorter than τ h . In contrast, a lattice polaron does 

not form because the time scales of optical and acoustic phonons are typically longer than 

10-13 s, with is not competitive with electron hopping time (τ h ). The electronic and 

intramolecular polarization effects lead to an energy gain for localizaion, δEpol, which is 

dominated by the electronic part. Due to the narrow bandwidth of most molecular solids, 

the δEdel < δE pol  inequality is usually satisfied. As a result, the formation of a molecular 

polaron is the norm rather than exception in organic semiconductors. 

 What do we expect to observe in an IR absorption spectrum for an OTFT under 

gate bias? To answer this question, let’s consider the band structure diagram in figure IV-

1. When an electron is injected into the conduction band, the strong tendency to localize 

(thick dashed arrow) leads to a small or molecular polaron, whose energy is independent 

of the momentum vector (k). This is essentially an anion with the excess electron in the 

lowest unoccupied molecule orbital (LUMO) of the molecule. Even if localization occurs 
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initially in bandgap defect states, we also expect polarization to yield a molecular 

polaron. Thus, we expect two features in IR absorption. The first is vibrational signature 

unique to an anion; the intramolecular vibrations of an anion are different from those of 

the neutral molecule due to the changed molecular geometry and force constants. The 

second is the broad optical absorption (thin dot-dashed arrows) from the lower-lying 

polaron state to the delocalized conduction band. This polaron band can extend from the 

IR to the visible region, depending on the extent of polaron stabilization. 

 

Figure IV-1. Schematic illustration 

of a conduction band resulting from 

delocalized LUMO in an organic 

semiconductor and a molecular 

polaron state. The thick dashed 

arrow represents self-trapping and 

the thin dot-dashed arrows 

illustrate optical absorption in the 

polaron band. 

 

B) Experimental 

 
 OTFTs were fabricated on Si or Ge semiconductor crystals that served as 

waveguides for multiple internal reflection ATR-FTIR.  Each Si or Ge ATR crystal 

(10mm x 50mm x 1mm) was cut from a Si (100 mm OD, 1mm thick, two side polished, 

8-12 Ω·cm-1, EL-CAT Inc.) or Ge (100 mm OD, 1mm thick, two side polished, undoped, 

MTI Corp.) wafer. Each semiconductor crystal was polished to the shape of a 

parallelogram with 45o angles forming the two ends of the parallelogram. The Si ATR 
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crystal is transparent for ν  ≥ 1500 cm-1 while the Ge crystal is transparent down to 500 

cm-1.  

 Thin film transistors were fabricated on the ATR crystals. The surface of each 

ATR crystal was passivated to provide a hydrophobic wetting layer for organic 

semiconductor growth. On native oxide terminated silicon, the passivation layer was an 

octadecyltrichlorosilane self-assembled monolayer (SAM) while on germanium the 

monolayer was formed from a dodecyne hydrogermylation reaction.[16] N-N’ dioctyl 

3,4,9,10 perylene tetracarboxylic diimide (PTCDI-C8) was vapor deposited on the 

passivated Si or Ge surfaces at a rate of 0.05 Å/s to a thickness of 50 Å.  Deposition 

continued at a rate of 0.15 Å/s for an additional 250 Å giving a total thickness of 300 Å. 

Gold source and drain electrodes (300 Å thick) were deposited through a shadow mask 

onto the PTCDI-C8 film at a rate of 0.5 Å/s.  The gate dielectric used was an electrolyte 

solution of LiClO4 in polyethylene oxide (mw = 105) in a ratio of 16 ether oxygen atoms 

to one lithium ion.  The constituents of the dielectric were dissolved in acetonitrile and 

passed through a 0.2 µm PTFE filter.  The solution was then drop cast onto the transistor 

assembly.  Because acetonitrile and PTCDI-C8 repel each other due to the high surface 

energy at their interface, drop casting occurred in a polydimethoxysilane die. The drop 

casting procedure produced a PEO film which was close to 100 µm thick.  After the 

dielectric was allowed to dry under high vacuum overnight, a 300 Å thick gold gate 

electrode was deposited onto the dielectric at a rate of 0.5 Å/s.  In an attempt to minimize 

leakage current between the gate and the source or drain electrode, each was aligned to 

avoid spatial overlap in the horizontal direction.  
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 As a comparison to devices with polymer electrolyte gate dielectric, we fabricated 

a bottom gate transistor with a conventional polymer gate dielectric layer, polystyrene 

(PS). In this device, the Si-ATR crystal served both as a waveguide for FTIR 

spectroscopy and as a gate electrode (with an Al/Au ohmic contact). A 400 nm thick 

polystyrene film was spin cast on the native oxide terminated silicon surface to serve as 

the dielectric layer. A 30 nm thick PTCDI-C8 film was vacuum deposited onto the 

polystyrene surface as described above. This was followed by the deposition of Au 

source and drain electrodes through a shadow mask.  

 The top insets in figure IV-2 show the device with polymer electrolyte gate 

dielectric. The total PTCDI-C8 film area was 4.0 cm2 while the gate area was 2.4 cm2. 

The devices fabricated on ATR crystals had source-drain channel dimensions of ~ 7 mm 

x 40 mm. For measurement under bias, the sample was connected to a power source and 

placed in a dry N2 purged FTIR spectrometer (MIDAC) which was modified for multiple 

internal reflection with a liquid N2 cooled MCT detector. During FTIR measurement, a 

constant voltage (VG) was applied to the gate electrode with reference to the source 

electrode.  Due to the large channel width, it was not possible to drive a current across the 

channel without causing a significant leakage current.  Consequently, the source and 

drain electrodes were not biased relative to one another. The gate voltage was cycled 

between a maximum and minimum voltage in fixed increments. At each step, the voltage 

was held at a particular value for 6 min. Each FTIR scan took 5 min and was initiated 1 

min after the voltage was applied. All FTIR spectra were collected at an instrument 

resolution of 1 cm-1. The evanescent wave from the IR light decays exponentially outside 

the ATR crystal with decay length on the order of the light wavelength. It therefore 
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probes both the PTCDI-C8 layer and the dielectric layer. As an example, figure IV-2 

shows an FTIR spectrum of the device with polymer electrolyte dielectric at a gate bias 

of VG = 0 V. The spectrum mainly consists of vibrational peaks due to PTCDI-C8 and 

PEO molecules. Some of the most distinctive peaks assigned to PTCDI-C8 and PEO are 

labeled on the spectrum. Details will be discussed later. 

 The transistor properties of smaller devices were measured in order to better 

correlate the observed spectral changes with electrical transport measurements.  

Transistors were fabricated in a manner identical to the procedure described above, with 

the exception the channel dimensions and the substrate.  The channel length was 500 µm, 

the width was 50 µm, and the substrate was oxide terminated silicon.  More details on the 

transistor and its properties were published by Panzer and Frisbie.[14]  During 

measurements, source, drain, and gate currents were measured independently from one 

another as the gate voltage was swept.  Figure IV-3 shows the result of 2 separate 

experiments in which VSD = 0.5 V.  In one experiment, the gate voltage was swept from -

1 V to 1.5 V, and in the other, the gate voltage was swept between -3 V and 3 V.  The 

scan rate of the measurements was 8.5 x 10-2 V/s.  This is two orders of magnitude faster 

than the comparable infrared scans. In the low voltage sweep, a reproducible transistor 

curve in which the source and drain currents were nearly identical was observed.  The 

higher voltage sweep showed very different transport properties.  The source and drain 

currents show a peak in the current, a noticeable disagreement between source and drain 

currents, a large hysteresis in both source and drain currents, and a gate current which is 

an order of magnitude larger than the low voltage sweep.  These observations can be 

interpreted with the aid of infrared spectroscopy and will be discussed later.  
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Figure IV-2. FTIR spectrum for the electrolyte gated device with VG = 0 V. The inset is 

the molecular structure of PTCDI-C8. Top: Schematic illustration of the device 

fabricated on Si or Ge ATR crystals. The device consists of a top gate contact and a 

PEO/LiClO4 dielectric. 
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Figure IV-3. Transistor measurements as a function of gate voltage.  Panel A,C 

describes the source and drain current.  Higher current levels are achieved on the 

reverse sweep of panel C.  Panel B,D describes the gate current.   The measurements 

of panel A,B were taken prior to those in panel C, D. 
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C) Results and discussion 

 
 Perhaps the first and most notable observation is the very high effective gate 

capacitance afforded by the polymer electrolyte dielectric results in a transistor with a 

turn-on voltage of about VG = +0.5 V. The positive VG corresponds to n-channel 

conduction, i.e., gate-induced electron injection into the PTCDI-C8 layer.  An estimate of 

the injected charge density (θe) based on gate current measurement gives θe = 

6.4x1014/cm2 at VG = 2.0 V.[14] At VG ≥ 2 V, an increase in gate current was observed 

and irreversible changes occurred to the OTFT. As we show in the following from FTIR 

measurements that the low gate bias region (VG ≤ 2 V) corresponds to electrostatic 

doping of the PTCDI layer while the high voltage region (VG ≥ 2V) corresponds to 

electrochemical doping. 
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Figure IV-4. FTIR spectra of 

the polymer electrolyte gated 

PTCDI-C8 TFT under 

various gate bias voltage (red, 

green, orange, and blue for V-

G = 0.0, 2.0, 4.5, and 7.0 V, 

respectively). Peaks labeled 

with downward arrows 

decrease with increasing VG 

while those with upward 

arrows increase with VG. 

Panel B is a magnified view 

of region “I” in the upper 

panel. 

PTCDI-C8 PTCDI-C8 anion 

Peak/cm-1 Vibrational mode Peak/cm-1 Vibrational mode 

1696 Symmetric C=O stretching 1629 Symmetric C=O stretching 

1655 Antisymmetric C=O stretching 1564 Antisymmetric C=O stretching 

1593 Perylene ring stretching 1526 Perylene ring stretching 

1439 Perylene ring stretching 1508 Perylene ring stretching 

1405 Perylene ring stretching 1416 Perylene ring stretching 

1345 C-N stretching 1325 C-N stretching 

1259 C-H perylene bending   

PEO modes (cm-1): 2162, 1960, 1473,1466,1453,1412,1358,1343,1279,1242,1145,1100, 965 

Table 1. Vibrational peak frequencies obtained from FTIR spectra in figures IV-1 & 

IV-3. 
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 Figure IV-4 shows FTIR spectra obtained under various gate biases (VG = 0, 2.0, 

4.5, 7.0 V) for a PTCDI-C8 OTFT with a polymer electrolyte dielectric. There are two 

regions of the spectra that are most sensitive to VG: I) 1500 – 1800 cm-1, corresponding to 

the C=O stretching and perylene ring stretching modes; and II) a sharp peak at 3677 cm-1 

which appears at high gate bias. We initially focus on region I, which is expanded in the 

lower panel.  Table 1 summarizes major vibrational peaks of neutral PTCDI-C8 (at VG = 

0 V), along with those of PEO. The assignments for neutral PTCDI-C8 are from Antunes, 

et. al.[17] For PEO, only peak frequencies are shown and assignments are taken from the 

literature.[18,19] As shown in Panel B of Figure IV-4, the intensities of the C=O 

stretching and perylene ring stretching modes associated with the neutral PTCDI-C8 

molecule decrease with increasing VG. This is accompanied by the appearance and 

growth of a set of new peaks (labeled with red upward arrows) with increasing gate 

voltage. Following previous solution phase spectroelectrochemical experiments 

performed on other diimide molecules,[4] we assign these peaks to the singly charged 

anion of [PTCDI-C8]-. The two C=O stretching peaks shift downward by 67 and 91 cm-1, 

respectively, when the neutral PTCDI-C8 molecule is charged with one electron. For 

comparison, in solution phase experiments, these peaks shift downward by 78 and 116 

cm-1 in a smaller model compound, pyromellitic dianhydride-N-butylimine (PMDA-N-

Bu), when it is reduced to the singly charged anion form [PMDA-N-Bu]-1.[4] Further 

reduction of PMDA-N-Bu to [PMDA-N-Bu]2- results in a triplet of C=O stretching peaks, 

with frequency decreases of more than 160 cm-1.[4] Based on this previous study of 

model diimide compounds, we find no evidence of doubly charged [PTCDI-C8]2- in the 

VG range investigated. All the new peaks that appeared under positive gate bias and 
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assigned to [PTCDI-C8]- are listed in Table 1. As expected from the conversion of 

neutral PTCDI-C8 to anionic PTCDI-C8 from electron injection under positive gate bias, 

the decrease in peak intensity associated with neutral PTCDI-C8 peaks are correlated 

with the increase of the anionic peaks. From repeated sweeping of VG, we find that there 

are two regions of VG in terms of reversibility of the vibrational spectrum: a nearly 

reversible region for VG ≤ 2 V and an irreversible region for VG ≥ 2 V. 

 In the reversible region, we sweep the gate voltage between 2V and -2V. Panel A 

in Figure IV-5 plots the absorbance (Abs) of the νa(C=O) peak for neutral PTCDI-C8 as a 

function of VG for three consecutive cycles of VG sweeps. Within experimental 

uncertainty, the absorbance change with VG is reproducible from sweep to sweep. We 

make two important observations. The first observation is the complete recovery of the 

νa(C=O) peak intensity when the gate voltage is decreased from 2V to – 2V, indicating 

that all PTCDI-C8 anions are converted back to the neutral molecules. The second 

observation is the presence of significant hysteresis; the Abs vs. VG data points during the 

reverse sweep (2 � 0 V) are below those of the forward sweep (0 � 2 V). Complete 

recovery only occurs when VG is swept into the negative region. These observations are 

consistent with electrostatic doping of the PTCDI-C8 film gated by the polymer 

electrolyte dielectric in which time dependent diffusion occurs over observable 

timescales. Upon the application of a gate bias voltage, the positive Li+ ions must diffuse 

to the PEO/PTCDI-C8 boundary to establish the electric field at the dielectric/organic 

semiconductor interface. The field-induced diffusion of ions in the polymer electrolyte is 

a slow process and the observed hysteresis reflects diffusion kinetics. In addition, the 

sample geometry used in the present study amplifies hysteresis: the area of the organic 
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semiconductor film under gate bias is 60% of the total area and polarization of PTCDI-

C8 molecules outside the gated area may be a slow process. A hysteresis of a similar size 

in source-drain current sweeps was not observed in transistor measurements found in 

Panel A of Figure IV-2.  This is likely due to the presence of multiple timescales of 

operation in the polymer electrolyte.  Note that measurements in this reversible region 

were carried out on a newly fabricated device and VG never exceeded the (-2 � 2V) 

range. 

 Based on changes in absorbance, we can calculate the density of gate-induced 

charge in the PTCDI-C8 film, given the proportionality relationship between absorbance 

and molecular concentration. As shown in panel A in figure IV-5, the application of VG = 

2 V results in the conversion of 4.6±0.2% neutral PTCDI-C8 molecules to the anionic 

form. The total area of PTCDI-C8 film sample is 4 cm2 while the gate size is 2.4 cm2. 

Assuming charge injection induced by electrostatic field only occurs under the gate, 7.7% 

of the PTCDI-C8 film is reduced. Since the density of PTCDI-C8 molecules in a 

monolayer is 2.5x1014 cm-2 and the inter-plane distance of the PTCDI-C8 film is 20 

Å,[20,21] the calculated film density is 1.25x1021 cm-3. Given a total PTCDI-C8 film 

thickness of 30 nm, we calculate a charge injection density of 2.9±0.2x1014 cm-2. The 

charge injection density achieved here is equivalent to the complete conversion an entire 

monolayer of PTCDI-C8 molecules at the interface. For comparison, the injected charge 

density estimated from the integrated gate current in electrical measurement was of 

6.4x1014 cm-2 at VG = 2V.[14] We believe the electrical measurement may overestimate 

the charge injection density due to possible presence of gate leakage currents.  
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Figure IV-5. Normalized absorbance of 

the νa(C=O) mode of neutral PTCDI-C8 

as a function of gate voltage for the 

polymer electrolyte gated TFT (Panel 

A) and the polystyrene gated TFT 

(Panel B). The arrows indicate the 

sweep directions. There are three VG 

sweeps (0 � 2 � 0 � -2 � 0 V) in 

Panel A and two sweeps (0 � 200 � 0 

V) in Panel B. 

 

 As a comparison to the polymer electrolyte gated OTFT, we also carried out FTIR 

measurements for a PTCDI-C8 TFT with a 400 nm thick polystyrene dielectric and 

bottom gate. As expected, the amount of change in FTIR spectra under gate bias is 

significantly smaller than that seen for the polymer electrolyte gated OTFT.  Panel B in 

figure IV-5 plots the absorbance of the νa(C=O) peak for neutral PTCDI-C8 as a function 

of VG up to 200 V, above which dielectric breakdown is observed. At the maximum gate 

voltage of VG = 200 V, 1.2±0.3% of the neutral molecules have been converted to anions, 

corresponding to a charge injection density of 4.5±2x1013 cm-2. This maximum doping 

level is equivalent to the conversion to anions of 18% of a monolayer of PTCDI-C8 

molecules at the interfaces, over 5x lower than the charge injection density in the PEO 

system at VG = 2 V.  

 When the gate voltage exceeds 2 V for the polymer electrolyte gated device, FTIR 

shows irreversible changes, and a large hysteresis in the source and drain current appears. 



 

 111 

This is illustrated in Figure IV-6. Panel A shows a set of FTIR spectra taken as VG is 

cycled in the range 0 � 7 � 0 � -6 � 0 V, with ±1 V steps (each data point 

corresponds to the voltage held for 5 min). The corresponding peak intensities (integrated 

and normalized to the maximum value) of νs(C=O) for the neutral and anionic PTCDI-C8 

species are shown in the lower panels. As VG increases above 3 V, the sharp decrease in 

the intensity of the neutral PTCDI-C8 peak is accompanied by a sharp decrease in the 

intensity of the anionic peak. The concentration of the neutral PTCDI-C8 molecule 

decreases to 18% of its starting value at VG = 6-7 V. Since 40% of the PTCDI-C8 

molecules are not directly under the gate electrode, this result indicates that reduction 

occurs for not only all PTCDI-C8 molecules under the gate electrode but also some 

PTCDI-C8 molecule beyond the gated area. 
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Figure IV-6 (A): FTIR spectra in carbonyl stretching region for a complete VG sweep (0 

� 7 � 0 � -6 � 0 V). The symmetric & asymmetric C=O stretching peaks are labeled 

and (n) and (a) stand for neutral and anionic PTCDI-C8, respectively. Normalized 

absorbance of the symmetric C=O stretching peaks of neutral (Panel B) and anionic (Panel 

C) PTCDI-C8 as a function of VG for two sweeps. The arrows indicate the sweep 

direction. 
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 There are two types of irreversibility in the Abs vs VG plots in Figure IV-6. The 

first is the large hysteresis in the neutral and anionic peak intensities within each VG 

sweep (0 � 7 � 0 � -6 � 0 V).  After the nearly complete reduction of PTCDI-C8 at 

VG = 6-7 V, the neutral species showed virtually no sign of recovery until the gate voltage 

is less than 0 V. At negative VG, partial recovery occurs, as shown by the increase in 

neutral peaks and the decrease in anionic peaks. The second type of irreversibility is the 

change from cycle to cycle. As shown by the neutral PTCDI-C8 peak intensity in Panel B 

in Figure IV-6, 30% of the neutral PTCDI-C8 intensity is lost after VG is returned to zero 

after negative bias. Following the second sweep, another 20% of the intensity is lost. 

Interestingly, the loss in the intensity of neutral PTCDI-C8 molecules from sweep to 

sweep is not compensated for by a gain in that of anionic species. In fact, there is less 

anionic PTCDI-C8 intensity formed in the second sweep than that is the first sweep. 

 The irreversible loss of C=O stretching peak intensities for both neutral and 

anionic PTCDI-C8 molecules following each cycle of VG sweep must be due to chemical 

reaction. Supporting this conclusion, we find a sharp peak at 3677 cm-1 which appears at 

VG ≥ 5 V (see region II in panel A of Figure IV-4).  This peak is the O-H stretching mode 

in a lithium hydroxide molecule (LiOH).[22] Figure IV-7 shows in detail the O-H 

stretching region of FTIR spectra during the first sweep of gate voltage. The broad peak 

present in all spectra is the O-H stretching mode of hydrogen-bonded water in the PEO 

electrolyte. When VG ≥ 5 V, the sharp LiO-H vibrational peak appears. Repeated cycling 

of the voltage causes only small changes in LiOH concentration, as shown by the small 

change in absorbance following the second cycle of VG sweep, lower panel. This LiOH 

molecule giving rise to the 3677 cm-1 peak must be located in the PTCDI-C8 film; 
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otherwise, it should dissociate in the PEO electrolyte layer. We arrive at two conclusions: 

1) Li+ must diffuse into the PTCDI-C8 thin film at sufficiently positive VG; and 2) there is 

a chemical degredation reaction which occurs in the PTCDI-C8 layer to form LiOH. 

The intercalation of Li+ into layered solids is well known, particularly for materials used 

in lithium ion batteries. It is not surprising that, under sufficiently positive gate bias, Li+ 

diffuses into the layered solid of PTCDI-C8.  In order to form a LiOH molecule, the 

presence of H2O is required and water is a readily available impurity in the hydrophilic 

PEO layer. It is then likely that as Li+ ions diffuse into the PTCDI-C8 layer at VG > 2 V, 

they carry water molecules along with them in the form of a hydration shell. In view of 

the loss of C=O stretching peak intensity in both neutral and anionic PTCDI-C8 and the 

irreversible formation of LiOH, we propose the following reaction mechanism, equation 

(1). In this reaction, the PTCDI-C8 anion reacts with H2O impurities to give OH-, which 

readily associates with Li+ to form the LiOH molecule.  
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Figure IV-7. Panel A: FTIR 

spectra in the OH stretching 

region as a function of gate 

voltage.  The broad peak 

centered at about 3500 cm-1 

is assigned to hydrogen 

bonded water in PEO.  The 

sharp peak at 3677 cm-1 is 

assigned to LiO-H.  Panel B: 

Normalized (to the 

maximum) absorbance of the 

ν(LiO-H) peak as a function 

of VG for two voltage 

sweeps. The arrows indicate 

the VG sweep directions. 

 

(1)      

 

 The mechanism for PTCDI-C8 anion formation in the irreversible region at VG > 

2 V is completely different than the electrostatic mechanism at VG ≤ 2 V. At VG > 2 V, we 

essentially have electrochemical reduction of PTCDI-C8 molecules with Li+ as counter 

ions. Thus, this is called electrochemical doping. The existence of two distinctively 

different regimes of doping is most obvious in the first part of the voltage sweep (0 � 7 

V) in figure IV-6. The rate of conversion from neutral to the anionic species (as a 

function of VG) increases dramatically when VG exceeds 3 V. The negative slope of the 
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Abs vs VG plot for neutral PTCDI-C8 (panel B of figure IV-6) or the positive slope for 

PTCDI-C8 anion (panel C of figure IV-6) is proportional to the capacitance of the 

dielectric. The capacitance of the dielectric is basically constant for VG = 0-2 V. This is 

the electrostatic doping region. For VG > 2 V. the effective capacitance (slope) increases 

in a discontinuous fashion and reaches a value which is more than one order of 

magnitude larger than that in the electrostatic doping region. This is because, in addition 

to electrostatic doping, the more efficient electrochemical doping mechanism is turned on 

for VG > 2 V. The transition from the electrostatic to the electrochemical doping region is 

irreversible due to structural deformation of the PTCDI-C8 film.  

 The spectroscopic evidence for the two doping regions observed here in a 

polymer electrolyte gated OTFT are consistent with previous electric measurements that 

established the two doping regions: 1) the electrostatic (also called ion-blocking or non-

Faradaic[23]) region[11-14] where the ionic double layer at the electrolyte-organic 

semiconductor interface is responsible for charge injection into the first a few layers of 

the organic semiconductor at the dielectric interface; and 2) the electrochemical (also 

called ion-permeable or Faradaic[25]) region[24,25] involving the oxidation/reduction of 

the whole organic semiconductor thin film and the intercalation of counter ions into the 

organic semiconductor layer. A transition between these two regions has also been 

reported recently by Lin and Lonergan in electrical measurement of a liquid electrolyte 

gated TFT of polyacetylene as the active organic semiconductor layer.[25]  
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E) Conclusions  

 
 We successfully applied ATR-FTIR spectroscopy to directly probe active layers 

in organic thin film transistors (OTFTs). For a PTCDI-C8 TFT with a PEO/LiClO4 

polymer electrolyte gate dielectric, FTIR spectroscopy showed the formation of anionic 

PTCDI-C8 species from electron injection under positive gate bias. There were two 

distinctive different doping regions: a reversible and electrostatic doping region for VG ≤ 

2V and an irreversible and electrochemical doping regime for VG > 2V. In the 

electrostatic doping region, the injected electron density at VG = 2 V was 2.9±0.2x1014 

cm-2, corresponding to the conversion of slightly more than one monolayer of PTCDI-C8 

molecules into anions. Transistor measurements taken in this regime are reversible with 

little hysteresis.  In the electrochemical doping region at VG > 2V, we observed the 

diffusion of Li+ into the organic semiconductor film and the conversion of all PTCDI-C8 

molecules into anionic species. In addition, we observed a chemical reaction between 

anionic PTCDI-C8 and impurity water molecules. Transistor measurements in this 

regime have unusual hysteresis and discrepancies in source and drain currents, the latter 

stemming primarily from a large gate current.  For comparison, we also probed a PTCDI-

C8 TFT with a conventional polystyrene gate dielectric; the maximum charge carrier 

density under electrostatic doping at VG = 200 V was 4.5±2x1013 cm-2, corresponding to 

the 18 % conversion of one monolayer of PTCDI-C8 molecules into anions.  
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V. Time Dependent Operating Mechanisms in Ion Gel 

 Gated Organic Thin Film Transistors* 

 

 We applied in-situ infrared spectroscopy on a metal-insulator-polymer 

semiconductor capacitor to understand the mechanism responsible for the high carrier 

densities achieved in ion gel gated organic thin film transistors.  The ion gel used is a 

mixture of a triblock copolymer, poly(styrene-b-methylmethacrylate-b-styrene), and an 

ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.  It was 

found that the primary charging mechanism at low frequencies is the introduction of ions 

into the semiconductor layer.  The kinetics of this process was characterized and used to 

specify the maximum operating frequency for the device as an electrochemical transistor.  

Any device operating at faster timescales can be thought to work via the formation of an 

electrostatic double layer. 

 

A) Introduction 

 

 Organic thin-film transistors (OTFTs) have been investigated extensively due to 

their potential importance as critical current and voltage modulating components of 

organic electronic circuitry.[1-5] In an OTFT, the organic semiconductor is insulated 

                                                 
* This chapter contains excerpts from the following published work:  Lee, J.; Kaake, L.G.; Cho, J.H.; Zhu, 
X.-Y.; Lodge, T.P.; Frisbie, C.D. J. Phys. Chem. C 2009, 113, 8972-8981.  See appendix for copyright 
information 
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from the gate electrode by a dielectric layer, and the gate/dielectric stack is responsible 

for inducing the charge carriers in the semiconductor channel.[6] It is desirable for the 

gate dielectric to have a high specific capacitance, because higher capacitance results in 

more induced charges in the semiconductor and thus higher ON currents at lower gate 

voltages. Generally, a high capacitance dielectric layer can be attained by reducing its 

thickness, and several research groups have employed ultra-thin crosslinked polymer 

films [7-9] or self-assembled monolayers (SAM) [3,10-12] as dielectrics. The 

capacitances of these systems have reached 1 µF/cm2, which allows low voltage OTFT 

operation.  

 Solid polymer electrolytes consisting of a salt dissolved in a polymer matrix offer 

another promising approach to achieving high capacitance values. The exceptionally high 

capacitance (e.g. Ci ~100 µF/cm2) of solid polymer electrolytes results from the 

formation of an electrical double layer only nanometers in thickness at the 

electrolyte/gate electrode interface, when cations and anions move in response to the gate 

bias.[13,14]  Several groups have demonstrated solid polymer electrolyte gated 

transistors based on organic single crystals,[15-18] organic semiconductor thin-films,[19-

24] or carbon nanotubes.[25-28]  These devices display good static device characteristics 

such as high ON currents and low operating voltages. However, they generally show poor 

dynamic characteristics, especially low switching frequency (e.g., 1 Hz), resulting from 

the slow polarization response of the polymer electrolyte.  High capacitance “ion gels,” 

were demonstrated to improve the dynamic behavior of electrolyte gated transistors 

(GEL-OTFT).[29-31]  Ion gels can be prepared from mixtures of an ionic liquid and a 

block copolymer, and can provide specific capacitances in excess of 10 µF/cm2 and 
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switching speeds up to 1 kHz.[29-31]  One of the best performing materials combination 

for GEL-OTFT uses 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[EMIM][TFSI] as the ionic liquid, poly(styrene-b-methylmethacrylate-b-styrene) (SMS) 

as the triblock copolymer, and poly(3-hexylthiophene) (P3HT) as the polymer 

semiconductor.[31]  This combination of materials was studied exclusively in this report. 

 Although the utility of GEL-OTFTs ultimately depends upon their electrical 

performance, there remains a major question regarding the nature of the physical process 

that gives rise to the observed high carrier densities.  More specifically, what is the 

relative importance of electrochemical doping (the penetration of ions into the bulk of the 

semiconductor) versus electrostatic doping (the accumulation of ions at the 

semiconductor interface and the subsequent large electric field they can produce)?   In the 

context of electrochemistry, the two different doping mechanisms are referred to as 

Faradaic and non-Faradaic processes, respectively.[14] In principle, operation in the 

electrostatic, non-Faradaic, regime is more desirable as it avoids chemical change to the 

polymer semiconductor, change that might be only partially reversible.  

 

B) Experimental 

 

 A metal/insulator/polymer semiconductor capacitor was constructed on a zinc 

selenide optical waveguide, a schematic of which is found in Figure V-1.  Zinc selenide 

is transparent from 500 to 20,000 cm-1, enabling attenuated total internal reflection 

Fourier transform infrared spectroscopy (ATR-FTIR) to be carried out while the 

capacitor device is charged and discharged.  Device fabrication began with the spin 
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coating of a 200 nm thick P3HT film, followed by the thermal evaporation of a pattern of 

30 nm thick gold drain electrodes.  The electrode pattern created eleven active polymer 

semiconductor channels each having a width of 500 µm and a length of 16 mm.  The 

device was finished by laminating a polyester-supported copper strip on top of an ion gel 

dielectric using [EMIM][TFSI] ionic liquid and the SMS triblock copolymer.  The details 

concerning the making of the ion gel can be obtained from Lee, et. al.[31]  The drain 

electrodes were grounded and a voltage was applied to the copper gate electrode.  

Simultaneously, infrared spectra were recorded on a Nicolet 6700 spectrometer with a 

mercury cadmium telluride (MCT) detector.  All measurements were taken in a dry 

nitrogen environment to avoid semiconductor degradation which has been shown to limit 

the reversibility of repeated electrochemical doping experiments.[32]  

 

C) Results and discussion 

 

 To examine the operating mechanism in GEL-OTFTs, we performed in-situ 

optical spectroscopy measurements on a model device, Figure V-1a.  Some typical 

spectra are shown in Figure V-1, panel (b-d).  The absorbance spectra are generated by 

subtracting a spectrum taken at VG = 0 as the background, such that the observed spectral 

signatures are due to the presence of charge.  Panels b and c show that  upon application 

of a gate voltage, a broad feature appears centered at 3500 cm-1, whose intensity increases 

as time unfolds.  This feature is frequently called a polaron absorption and, in p-type 

semiconductors, is the result of an electronic transition from the extended HOMO of the 

conjugated polymer to a state within the HOMO/LUMO gap created by the presence of a 
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hole.[33]  The intensity of this absorption is therefore directly related to the number of 

holes in the semiconducting film.   

 With an estimate of the number of holes in the semiconducting film during the 

doping process, it is possible to determine if the process is electrochemical in nature.  

Because electrochemical doping affects the bulk of the semiconductor, while electrostatic 

doping only occurs near the dielectric/semiconductor interface, the simplest signature of 

electrochemical doping is a charge density that is impossible to account for by electric 

double layer charging.  Because the intensity of the polaron absorption is related to the 

number of holes in the film, a large polaron absorption is a reliable indicator of 

electrochemical doping.   

 The action of the electrochemical doping mechanism can also be more rigorously 

identified by examining absorption features of the neutral semiconductor.[32,34]  At VG = 

-1.25, after over 2000 seconds of steadily applied voltage, the thiophene ring stretching 

mode has been bleached by over 15 percent due to hole injection.  Because the film is 

200 nm thick, the smallest possible thickness of the accumulation layer is 30 nm.  Such 

extensive doping cannot be accounted for by double layer charging, hence 

electrochemical doping plays an important role at and above these voltages.  It is worth 

noting that electrochemical doping may play a role at lower voltages, but electrostatic 

doping and very light electrochemical doping cannot be unambiguously differentiated in 

this context. 
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Figure V-1.  (a) Schematic of the infrared spectroscopy experiment.  Infrared light 

undergoes total internal reflection inside a ZnSe waveguide and probes the transistor as it 

charges. (b)-(d) Time evolving infrared spectra taken at different gate voltages.  The 

background used to generate the spectra was that of the device at zero gate voltage.  The 

broad polaron feature centered at 3500 cm-1 was present at all VG > -0.75, while the 

feature peaked at 1000 cm-1 was more representative of lower voltage spectra.   
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 A more interesting question to address in the context of the high switching speeds 

of GEL-OTFTs is the kinetics of electrochemical doping.  That is, do GEL-OTFTs 

depend upon electrochemical doping to modulate charge density in the active channel of 

the device at high frequencies?  To answer this question, we examined the time 

dependence of device charging at different gate biases by applying a gate voltage and 

taking spectra at regular time intervals.  To determine the amount of charge in the film at 

a given time, the polaron absorption depicted in Figure V-1 was integrated over the 

interval 600 to 8000 cm-1.  The resulting uptake curve for VG = -1.5 V is shown in Figure 

V-2 and is characterized by a rapid initial uptake, followed by a gradual increase in 

charge density at longer times.   

 We modeled the diffusion process in order to interpret the charging curves and 

extract the relevant timescale for electrochemical doping.[35]  As electrochemical doping 

occurs, hole polarons in the P3HT film are accompanied by the negatively charged 

[TFSI] ions and the polymer film is overall charge neutral. Upon the application of a 

negative gate voltage, [TFSI] is initially at a much higher concentration near the 

dielectric/semiconductor interface than in the bulk.  Doping of the P3HT film is thus 

controlled by diffusion of [TFSI] ions into the polymer semiconductor.  With this in 

mind, we write the diffusion equation for [TFSI], taking z as the direction perpendicular 

to the dielectric/semiconductor interface, and assuming that the diffusivity D is 

independent of ion concentration. 
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 Given the appropriate boundary conditions, solving this differential equation is 

straightforward.[36]  In this case, the [TFSI] concentration at the 
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dielectric/semiconductor interface (z = 0) is assumed to be constant as suggested by the 

high ion conductivity of the ion gel.  The second condition is the “no-flux” boundary 

condition for the semiconductor/ZnSe interface at z = a: 

(2) 0
),]([ =

∂
∂

z

taTFSI
     

where a is the thickness of the P3HT layer.  This boundary condition states that the flux 

of [TFSI] into the zinc selenide waveguide beneath the P3HT film is zero.  The solution 

to this differential equation is given by 
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where [TFSI](z=0,t) is also the equilibrium concentration of [TFSI] as time approaches 

infinity (i.e., [TFSI](z=0,t) = [TFSI](z,t=∞)), and λn and cn  are constants which depend 

upon an integer which is the index of the infinite series. 
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 Because the in-situ infrared spectroscopic technique employed examines the 

entire P3HT film and is not sensitive to the z dependence of the hole diffusion profile, 

Equation 4 must be integrated with respect to z before it can be used to fit the data.  

However, it is worth noting that while ATR-FTIR is, in general, sensitive to the z position 

of the holes which it measures, this sensitivity only becomes important when the film 

thickness is on the order of the wavelength of light.  This is not the case for a 200 nm 

film in an infrared study. 
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 When the integrated form of Equation 3 is used to fit the data, we observe that the 

fit accurately describes the initial uptake of holes into the P3HT film, but deviates from 

the experimental data at longer timescales (not shown).  There could be several reasons 

for this deviation from simple one-dimensional diffusion. For example, hole diffusion 

and ion diffusion are coupled; i.e., an excess hole concentration creates a net positive 

charge which exerts an electrostatic force upon the negatively charged [TFSI] ions. Also, 

when the concentration of the negatively charged [TFSI] ions in the P3HT is sufficiently 

high, we expect structural changes in the P3HT film.[37,38] To quantitatively analyze the 

experimental uptake curve, we employed a linear combination of two solutions for 

Equation 4, each with a different diffusion constant. Such a two component diffusion 

model provides an excellent description of the experimental data, as shown in Figure V-

2. Naturally, the faster term dominates at the initial stage. This diffusion constant is 

represented as a function of gate voltage in Figure V-2. At high gate voltages the 

diffusivity is only on the order of 10-12 cm2/s, a rather low value. For comparison, 

Kaneto, et al. reported ClO4
- diffusion constants of 10-12-10-10 cm2/s in a polythiophene 

film in contact with liquid electrolyte.[39] 
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Figure V-2.  a) Infrared spectra were integrated over the range 600 to 8000 cm-1 and the 

result is plotted as a function of time after the application of a gate voltage.  The form of 

the fitting function is described by Equation 4. b) Extracted diffusivity of [TFSI] as a 

function of gate voltage.  The estimate of diffusivity comes from the fastest component of 

a linear combination of Equation 4 using two diffusivities.  c) Maximum operating 

frequency of a SOS[EMIM][TFSI] GEL-OTFT as an electrochemical device as a 

function of gate voltage.  This value is estimated from the diffusivity plotted in panel b 

using Equation 10. 
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 To further explore how ion diffusion influences the high switching speeds of a 

GEL-OTFT (i.e., in the short diffusion time regime), the diffusion equation must be 

solved using boundary conditions which more accurately reflect the situation near the 

dielectric/semiconductor interface at short timescales.  The boundary condition given in 

Equation 3 is changed such that the P3HT film is approximated as semi-infinite and then 

requiring that [TFSI](z→∞,t) = 0.  Given this, Equation 1 can be solved exactly. 

(6) 
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 The right side of equation 6 can be integrated with respect to z over the limits of 

zero to infinity to yield the following: 
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 The concentration profile specified in the left hand side of Equation 7, is 

commonly approximated as linear with a thickness, l, that evolves at a rate of Dt .[40] 
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Thus the thickness of the electrochemically doped layer is given by the following: 

(9) Dtl
π
4=  

To determine the time it takes for electrochemical doping to occur, it is useful to specify 

a definition for time dependent electrochemical doping.  Namely, electrochemical doping 

can be considered to occur in the time it takes for the depth of the linear concentration 

profile to exceed the lattice parameter of the organic semiconductor in question.  Using 

the previously published XRD parameters,[41] we set l=1.62 nm in Equation 9 and solve 
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for the time required to electrochemically dope a single layer of P3HT.  This 

characteristic time can then be inverted to obtain the maximum frequency for which a 

GEL-OTFT can be thought to act as an electrochemical device.  This result is plotted in 

panel c of Figure V-2.  To restate, the data represented in Figure V-2c are the maximum 

timescales for which an SMS[EMIM][TFSI] GEL-OTFT operates as an electrochemical 

device.   

 The graph depicts the different regimes of operation, with devices operating at 

frequencies above the curve acting more as electrostatic (field effect) devices and those 

below the curve acting as electrochemical devices.  Lee et. al.[31] measured transistor 

on/off current ratios in a nearly identical GEL-OTFT and found that at -2.5 V and 400 

Hz, the ratio was 10x.  The frequency at which the on and off current levels was 

indistinguishable was extrapolated to be 2.4 kHz.  Although the on/off ratio was limited 

by increasing off current, the timescales suggested are in reasonable agreement with the 

results of figure V-2.   

 

D) Conclusions 

 

 In situ optical spectroscopy was carried out on metal-insulator-organic 

semiconductor device to study the mechanism of device charging in the case of an OTFT 

employing an ion gel dielectric.  At low frequencies the device was found to operate as 

an electrochemical cell.  In other words, ion penetration into the semiconductor layer is a 

key aspect of device operation at low frequencies. The time dependence of the charging 

process was fitted by means of a diffusion model which allowed the extraction of a 
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diffusion constant for the [TFSI] ion in P3HT.  The diffusion constant was found to 

depend on voltage, and was used to describe the maximum operating frequency for a 

similarly constructed electrochemical transistor.  Reasonable agreement with published 

results[jpcc] was found.   The results also suggest that at operation speeds greater than 1 

kHz a GEL-OTFT can primarily be thought of as an electrostatic double layer device. 
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VI. The Polyelectrolyte Dielectric/Polymer 

 Semiconductor Interface: Electrostatics and 

 Electrically Driven Mixing 

 

 We performed a study of a new dielectric material made up of a polyelectrolyte, 

lithium poly(styrene sulfonate), dissolved in an ion conducting polymer, poly(ethylene 

oxide), using both in-situ optical spectroscopy and transistor measurements.  The 

dielectric was discovered to act as an electrostatic double layer capacitor with a polymer 

semiconductor over a well defined voltage range.  At higher voltages, the charged 

polymer semiconductor, poly(3-hexylthiophene) (P3HT) dissolves into the dielectric.  

The mid and near infrared spectrum of P3HT at high charge carrier densities was 

obtained.  The dielectric provides the unique ability to change the carrier density by a 

factor large enough to witness the preferential filling of different structural elements.   

 

A) Introduction 

 

 One emerging subfield of organic semiconductor research is concerned with the 

development of high capacitance, solution processable, dielectric materials.[1-14] 

Although potentially of general use,[15] these materials are especially important in the 

context of organic thin film transistors, where a premium is placed upon low voltage 

device operation.  Electrolyte dielectric materials are a promising methodology, and use 
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mobile ions to achieve large electric fields at an interface.[16,17]  Resulting capacitance 

values can be as large as 10-100 mF cm-2.   

 From a technological standpoint, the electrical characteristics of a transistor are 

the ultimate criteria for judging the effectiveness of a dielectric material.  However, the 

use of electrolyte dielectric materials for organic transistor applications has been troubled 

by the possibility of electrochemical doping [18-20] where the mobile ions in the 

dielectric are incorporated into the semiconducting material.   Electrochemical transistors, 

[21-22] particularly those based on ion gels, [13,14,20] may be equally as useful 

compared to field effect transistors which use a more conventional dielectric such as 

silicon oxide, or an insulating polymer.  However, the introduction of ions into the 

semiconductor can cause morphological changes,[23,24] and the ions act as Coulomb 

wells which can reduce the mobility of charge carriers.[25,26]  Ideally, one would like to 

use an electrolyte dielectric material that can be reliably demonstrated to operate as an 

electrostatic double layer capacitor with a polymer semiconductor.   

 Although kinetic considerations can limit the role of electrochemical doping in a 

polymer semiconductor system,[20] one would ideally like to have a system in which 

there is a thermodynamic barrier to ion inclusion in the semiconductor layer.  One 

possible way to accomplish this is through the use of a polyelectrolyte, which should be 

too large to easily penetrate the semiconductor layer.  The use of polyelectrolytes in an 

electrolyte dielectric system has been already shown to be an effective means of 

constructing an organic thin film transistor.[11,12]  However, assessing the physical 

processes operating at the buried interface between a dielectric and a semiconductor can 

be difficult using electrical measurements alone.   
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 In order to firmly establish the charging mechanism of a polyelectrolyte dielectric, 

and provide insight into the material attributes and physical processes responsible for 

device failure, we have characterized a polyelectrolyte dielectric using transistor 

measurements (see figure 1) and in-situ optical spectroscopy (see figure 2).  This 

combination of characterization techniques has proven useful in the investigation of the 

semiconductor/dielectric interface in previous studies.[18-20,27-29]   

 

B) Experimental 

 

 The polyanion, lithium poly(styrene sulfonate) (LiPSS) (see figure 1), was 

obtained from Aldrich as a 30% w/w solution in water.  The water was removed first by 

rotovap, then by dissolving in methanol and mixing with molecular sives.  Several cycles 

of freeze drying and heating under vacuum was the final step employed to remove as 

much water as possible.  Poly(ethylene oxide) PEO (mw = 300) was obtained from 

Aldrich and used without further purification.  LiPSS was mixed with PEO at a 3% mol 

ratio in methanol.  The methanol was driven off first by rotovap, then by several cycles of 

freeze drying.  The resulting substance was a cloudy, viscous, liquid.   

 Poly(3-hexylthiophene) (P3HT) was obtained from Reike metals (mw = 76 kD 

and 45 kD) and was used without further treatment.  Also, a lower molecular weight 

sample (mw= 15kD) of P3HT was synthesized using a modified version [30] of the 

Grignard metathesis (GRIM) polymerization originally developed by 
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the McCullough group.[31]  No major difference between the three samples was 

observed; the conclusions and observations presented here apply to all three molecular 

weights. 

 The substrates used for transistor measurements are Si wafers with 3000 Å of 

thermally grown oxide, purchased from Silicon Valley Microelectronics (San Jose, CA), 

which were cut into  ~ 1.5 cm x 1.5 cm pieces.  In an inert atmosphere glovebox 

(MBraun) the Si/SiO2 substrates were spin-coated (Laurel) with P3HT from a 20 mg/mL 

solution in dichlorobenzene (Aldrich) at 800 rpm for 120 sec.  While still under inert 

atmosphere, the resulting films were baked on a hotplate at 105ºC for ~20 min. to drive 

off any residual solvent.  Atop the P3HT film, Au source and drain contacts were 

thermally evaporated through silicon shadow masks, defining channel areas of either 

200µm x 2000µm or 50µm x 2000µm (length x width).  Under inert atmosphere, the 

polyelectrolyte dielectric was manually pasted over the channel region and a Pt mesh or 

Au foil gate electrode, with an area much larger than the channel, was laminated atop the 

dielectric.  The devices were left to set 24 hours in nitrogen glove box. 

 Transistor measurements were made first by transferring the finished devices to a 

Desert Cryogenics (Tucson, AZ) vacuum probe station.  Current-voltage measurements 

were carried out with two Keithley 236 source measure units and a Keithley 6517 

electrometer.  Measurements were preformed in the dark under nitrogen. 

 The devices used for in-situ optical spectroscopy were fabricated on ZnSe 

waveguides.  The raw ZnSe was purchased from photonic supply. The 1mm thick 

material was cut into pieces 1cm x 3.175 cm by Syagrus Systems Inc.  45 degree Beveled 

edges were polished by hand, to enable the use of the attenuated total internal reflection 
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(ATR) technique.  Voltages were applied by a Keithley 6517A electrometer, and spectra 

were collected with a Nicolet 6700 spectrometer using MCT, Si, and InGaAs detectors to 

cover the full range of the spectrum.  Voltages were applied for 30 minutes, during which 

several spectra were taken.  After applying the voltage, the device was allowed to set for 

30 minutes.  Spectra were collected during this time as well.  Voltages were stepped in -

0.2 V increments, starting with -0.2 V.  A full set of voltage steps constituted a single 

day’s experiments and each day only one detector was used, thus the full spectra 

represents three days of experiments on the same device.  The experiments were 

conducted in an inert atmosphere glove box (MBraun) where oxygen levels never 

reached higher than 3 ppm during device operation. 

 Two different means of data presentation of the absorption spectra are shown.  

The difference between the two methods lies only in the spectrum subtracted as a 

background.  Graphs labeled as A[AU] used a clean ZnSe crystal as the background 

spectra while graphs labeled as ∆A[AU] used the spectrum of the entire device before the 

application voltage.  The two types of presentation styles are referred to as absorption 

spectra and difference spectra, respectively. 

 

C) Results and discussion 

 

 Figure VI-1, panel a shows the output characteristic of a top-gated transistor 

assembled using an PEO:LiPSS dielectric and a P3HT semiconductor layer.  Field effect 

mobilities were measured in the saturation regime for several devices and was found to 

be 0.1 ≤ 0.05 cm2/Vs.  Considering the roughness that is present on the top surface of a 
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spin coated polymer film, this mobility is relatively high.  With that said, it must be noted 

that device response is particularly sluggish and suffers from relatively high leakage 

current (possibly due to the presence of water).  Panel b of figure 1 shows the output 

characteristic of a device that is taken on a higher voltage excursion.  The most obvious 

difference between the two measurements is the complete and irreversible destruction of 

channel conduction upon reaching a voltage of -2.0 V.  One possible explanation of this 

result is as follows:  the device operates in two regimes, one in which the charge injection 

mechanism is that of an electrostatic double layer.  In that regime the polymer 

semiconductor interface remains intact.  The second regime appears after a certain 

voltage threshold is reached and the polymers mix, irreversibly damaging the interface 

and destroying the conductivity of the channel.   
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Figure VI-1. Representative transistor measurements.  Panel a) reversible 

transconductance traces occur when the gate voltage is less than -2.0 volts.  Panel b) 

irreversible loss of transconductance occurs as the gate voltage is brought past -2.0 volts.  

Panel c) schematic of top gate transistor geometry employed and chemical structures of 

materials employed in the study. 
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 While it is reasonable to believe that the polyelectrolyte gated devices described 

here operate as electrostatic double layer transistors, this statement cannot be 

unambiguously verified on the basis of electrical measurements alone because of the slow 

response time of the dielectric. To verify and electrostatic double layer charging 

mechanism, spectroscopic measurements are also necessary; they provide an estimate of 

the total number of molecules which bear charge.  Should this number exceed 1-2 

monolayers of organic semiconductor molecules, the doping process cannot be accounted 

for by the field effect.  For example, there are two types of absorptions sensitive to the 

presence of charge which can be used to estimate charge density: polaron absorptions and 

molecular vibrations of the neutral polymer.   

 The presence of charge carriers causes broad electronic absorptions to appear.  

These absorptions, often referred to as polaron absorptions are associated with the 

appearance of localized electronic states within the band gap of a polymer 

semiconductor.[32]  Figure 2, panel a) shows a difference spectra of the device at a few 

voltages.  Note the growth of a broad absorption centered at 4000 cm-1.  This feature is 

assigned as the lowest polaron absorption of the doped P3HT molecule.  (See figure 4 for 

an energy diagram.)  While the strength of a polaron absorption may or may not be 

directly linear with respect to the number of carriers, increases in the polaron absorption 

are associated with an increasing number of carriers.[27] With this in mind, it is 

important to note the logarithmic increase in polaron absorption as a function of voltage.  

(See figure 2, panel a) This is a clear indication of a large increase in the number of 

carriers as the voltage is increased from -1.6 V to -2.2 V.  



 

 144 

0.01

0.1

1
D

A
 [A

U
]

700040001000
Wavenumber [cm

-1
]

 V = -2.2

-2.0

 -1.8

 -1.6

0.3

0.2

0.1

0

A
 [A

U
] 

154015201500
Wavenumber [cm

-1
]

 V =  0.0
 V = -1.8
 V = -2.0
 V = -2.2

a) b) c)

 

Figure VI-2. Representative in-situ spectroscopy measurements.  Panel a) difference 

spectra in the mid infrared change with voltage.  Note the logarithmic increase in 

intensity above -1.8 volts.  Panel b) neutral ring stretching modes of P3HT change with 

applied voltage.  Note that below -2.0 volts, changes are exceedingly small.  Panel c) a 

schematic of the in-situ spectroscopic experiment showing a capacitor structure is 

fabricated on an optical waveguide.     
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 To be completely rigorous, however, one must use signatures of the neutral 

molecule to prove or disprove a hypothesis involving a bulk doping process.  The 

argument runs as follows:  charging of an organic semiconductor disrupts spectroscopic 

signatures belonging to the neutral molecule.  If more neutral molecules are disrupted 

than can be accommodated in 1-2 monolayers, the charging process involves the bulk of 

the material, and is called an electrochemical doping process.  In order to firmly establish 

this statement, it is necessary to clarify against alternative hypotheses. 

 First, it is possible to imagine that electrochemical doping could be limited to the 

first several layers of the organic semiconductor.  Previous reports showed that the 

electrochemical doping process is governed by the kinetics of ion diffusion within the 

semiconductor.[20]   In the context of kinetic limitations, it is possible to imagine that 

electrochemical doping is limited to the first few layers of the semiconductor.  However, 

once the ions have sufficient driving force to penetrate past the first few layers of the 

semiconductor, there is no thermodynamic reason to suppose that the ions will stop there.  

At long timescales, an electrochemical doping process will most likely involve the bulk 

of the material. 

 Secondly, it is possible to imagine that very light electrochemical doping can look 

like electrostatic double layer charging; both processes could potentially involve the same 

number of molecules.  In order to differentiate between these two processes, it is 

necessary to perform transistor measurements under the same conditions.  It was shown 

that light electrochemical doping leads to logarithmically lower mobilities than interfacial 

doping via the field effect.[25,26]  Simply put, a lightly doped electrochemical device 

will not be especially conductive, and a heavily doped electrostatic double layer device 
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will.  Thus, one can convincingly say that an electrolyte gated device operates with an 

electrostatic double layer mechanism when the threshold for transistor turn on is not 

nearly equal to the threshold for spectroscopically obvious bulk electrochemical doping.  

 When applying this technique and argument, it is important to note that not all 

spectroscopic signatures of the neutral molecule are disrupted by the presence of charge.  

However, the vibrational modes associated with the conjugated core of a molecule were 

shown to be strongly disrupted by device charging.[27,33]  Figure 2, panel b) shows how 

the ring stretching mode of the thiophene monomer decreases with applied voltage.  This 

absorption can be used to estimate the percentage of molecules or monomer units which 

bear some portion of charge.    

 For this purpose, it is useful to define a variable, d, which is equal to the ratio of 

molecules affected by the presence of carriers.   

(1) 
G

tot

V

V

a

a

A

A
d 








−=

=0

1  

 In equation 1, AV is the absorbance of a neutral mode at a particular voltage, here 

calculated as the integration of the ring stretching mode of a neutral thiophene.  AV=0 is 

the absorbance of the same mode when the voltage is equal to zero.  The ratio outside the 

parenthesis is a correction that takes into account the fact that the gated area of P3HT (aG) 

is less than the total area of the P3HT film (atot). Figure 3, panel a) shows a plot of d 

versus applied voltage for a P3HT capacitor with a PEO:LiPSS dielectric.  Figure 3, 

panel a) also contains a plot of the integrated intensity of the lowest energy polaron 

absorption (shown in figure 2 panel a) as a function of voltage.  Both values remain low 

throughout the entire operating regime of the transistor, and suddenly increase between V 

= -1.8 and V = -1.9.  This voltage correlates well with the observed sharp decrease in the 
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transconductance, unambiguously indicating that bulk doping of the semiconductor is not 

causing transistor turn on.  Also, on figure 3 panel a) is a line indicating the value of d 

associated with the charging of 1 monolayer (ML) of P3HT.  The value of d remains 

below that line during the entire stable operation regime of transistor, a further indication 

that the polyelectrolyte dielectric acts as electrostatic double layer capacitor over a well 

defined voltage range.   

 At higher voltages, the amount of charged polymer increases significantly.  In 

addition, once the threshold voltage is breached, the dielectric mixture becomes dark red, 

indicating the presence of P3HT.  Also, it is tough to imagine that a large polymer ion 

could penetrate into the organic semiconductor layer.  Thus, the behavior observed at 

high voltages is attributed to the mixing of charged P3HT into the dielectric.  This 

process could be termed electrically driven mixing and is schematically pictured in figure 

3, contrasted with a schematic of electrostatic double layer charging.  Thus it appears that 

there are two well defined, mutually exclusive, regimes of device operation: electrostatic 

double layer charging and electrically driven mixing.
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Figure VI-3. Voltage dependence of spectral changes.  Panel a) voltage induced changes 

shown in figure 1@ are integrated and plotted as a function of voltage.  Right axis: 

integrated spectral intensity from difference spectra over the entire mid infrared.  Left 

axis:  the quantity d, defined in equation 1 and obtained from the neutral ring stretching 

modes of P3HT as a function of voltage.  A line labeled 1 ML indicates the expected 

value d would take for one completely charged monolayer of P3HT.  Panel b) schematic 

of the two proposed regimes of device operation.   Top: electrically driven mixing.  

Bottom:  electrostatic double layer charging. 
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 Although the previous statement is supported by the observations, the possible 

subtleties of the polyelectrolyte dielectric/organic semiconductor interface necessitate a 

thermodynamic argument for the clear separation of two distinct charging regimes.  

Theoretical work towards this aim based upon the thermodynamics of polymer mixing is 

ongoing.  

 Assuming a clear distinction between the two regimes can be made, the 

spectroscopic results regarding device charging below the mixing threshold can be 

discussed in terms of field effect doping. The results for -1.4 V and -1.6 V are presented 

in figure 4.  These voltages were chosen because their signal levels are high enough to 

allow meaningful comparisons, and the voltages are well below the mixing threshold.  

For clarity the spectra are normalized with respect to their value at 800 cm-1 and then 

offset to make the change in the spectral shape with voltage more obvious.  Comparison 

with the literature [34-37] allows the identification of the major features as belonging to 

polarons in the crystalline and the amorphous phases of P3HT.  The energy level diagram 

for the two phases is schematically outlined in the right panel of figure 4. 

 Perhaps the most interesting observation of figure 4 is the more obvious presence 

of features belonging to amorphous polarons for -1.6 V than for -1.4 V.  This suggests 

that the crystalline regions of P3HT fill before the amorphous regions.  We suppose that 

the novel dielectric employed here allows us to modulate the charge density over a wide 

enough range to witness the preferential filling of the microcrystalline domains in P3HT 

before regions with only weak intermolecular interactions.  
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Figure VI-4.  Full spectra from the electrostatic regime.  Panel a) difference spectra 

showing the spectra obtained from the mid to the near infrared as the device was charged.  

Spectra are normalized to their value at 800 cm-1 and offset according to voltage.  Note 

that A1 and A2 are more noticeable at -1.6 V. Panel b) schematic energy diagram of the 

observed electronic transitions.   
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D) Conclusions 

 

 In conclusion, we have developed a new dielectric material using lithium 

poly(styrene sulfonate).  Organic thin film transistors using this material functioned 

sluggishly, but mobilities of 0.1 cm2/Vs could be obtained.  The polyelectrolyte was 

proven to function as an electrostatic double layer capacitor over a useful voltage range.  

At higher voltages, the polymer semiconductor dissolves into the dielectric.  The 

dielectric was used to vary charge carrier density over a wide enough range to 

spectroscopically witness the preferential filling of crystalline regions in electrostatically 

gated P3HT.   
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VII. Charge Transport, Nanostructure and the Mott 

 Insulator-to-Metal  Transition in     

 Poly (3-hexylthiophene)* 

 

 We carried out in situ optical spectroscopy measurements of gate-doped poly(3-

hexylthiophene) (P3HT) using a polymer electrolyte dielectric. At low doping levels, 

hole polarons are present in two distinct environments: crystalline and amorphous phases 

of P3HT.  As carrier concentration increases to a region corresponding to the insulator-to-

metal transition in transistor measurements, the two polaron states merge into a single 

state. We take this spectroscopic signature as evidence for strong carrier screening which 

removes the energetic barrier for polaron transfer from crystalline to amorphous domains; 

this is responsible for the insulator-to-metal transition in highly doped P3HT. 

 

A) Introduction 

 

 Charge transport in organic systems has been the focus of a great deal of 

investigation since the report of conducting polyacetylene.[1] Early investigations into 

these materials centered on understanding the nature of individual charge carriers and 

their interaction with a single polymer chain.[2,3] More recently, it has become apparent 

that disorder and nano-crystalline structures are critical to the charge transport properties 

of conducting polymers.[4-7]  

                                                 
* This chapter contains published material from the following reference:  Kaake, L.G.; Zhu, X.-Y. J. Phys. 
Chem. C  2008, 2008, 112, 16174-16177.  See appendix for copyright information. 
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 Thin films of conducting polymers often consist of crystalline and amorphous 

domains; but how polymer conductivity is related to the degree of crystallinity remains 

an open question. A well-known example is regio-regular poly-3-hexyl-thiophene (RR-

P3HT), which is among the most conductive polymers investigated to date. While the 

presence of nano-crystallinity in P3HT is critical to its higher conductivity over that of 

the amorphous regio-random (RRa) polythiophene, high conductivity also requires a fine 

balance between crystalline and amorphous domains. Highly crystalline thin films from 

low molecular weight RR-P3HT are less conductive than those of the less crystalline high 

molecular weight polymer samples, presumably because the coupling between crystalline 

grains of the low molecular weight RR-P3HT is poor.[5] A high molecular weight RR-

P3HT thin film consists of nanocrystalline domains in an amorphous matrix. Each 

crystalline domain is essentially a two-dimensional (2D) conductor made of strongly 

interacting oligothiophene sheets separated by weakly interacting hexyl side chains. The 

amorphous regions are regarded as one-dimensional (1D) conductors due to the weak 

intermolecular interactions between oligiothiophene units. What makes high molecular 

weight RR-P3HT unique is that a single chain is long enough to bridge two crystalline 

regions via an amorphous polymer segment.  Sufficient electronic interaction between the 

2D and 1D regions is thus believed to be essential in coupling the 2D islands and 

providing high conductivity.[5] Recent experiments based on field-effect transistors have 

even provided evidence for the insulator-to-metal transition (IMT) in RR-P3HT at high 

doping levels.[8-11] 

 The Mott insulator-to-metal transition can be most simply described as a 

discontinuous transition in conductivity from zero to a finite level at T = 0 K.[12]  In 
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disordered materials, insulating behavior is typically interpreted in terms of charge carrier 

localization at the Fermi level, while metallic conduction is due to the population of 

extended states which allows charge transport to occur without thermal activation.[13] 

However, a P3HT thin film consists of both ordered crystalline domains and disordered 

amorphous regions. How, then, do we understand metallic conductivity in such a 

structurally inhomogeneous system? To answer this question, we carry out in-situ optical 

absorption study of P3HT at different doping levels as controlled by a gate voltage in 

transistor geometry. Optical absorption spectroscopy has been of critical importance in 

developing mechanistic understandings of organic semiconductor materials, as 

spectroscopic signatures of charge carriers are distinctively different from those of 

neutral species in terms of vibrational and electronic transitions.[9,14-16] We use a solid 

state solution of LiClO4 in poly(ethylene-oxide) (PEO) as the gate dielectric in a 

transistor setup to induce high doping levels and the IMT, as demonstrated by Panzer and 

Frisbie.[10,11] In their experiments, the mobile ions in the PEO-LiClO4 dielectric 

provided a very high capacitance which enabled a low transistor turn on voltage of VG = -

1.5 V. Temperature dependent measurements showed little thermal activation for charge 

transport in the on-state (VG ≤ -1.5 V); this led to the suggestion that P3HT undergoes the 

insulator-to-metal transition as charge carrier density reaches a critical value. A similar 

conclusion was reached by Heeger and coworkers in a transistor measurement using the 

PEO-LiClO4 dielectric and a different polythiophene.[9] 
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B) Experimental 

 The device structure used in this study is illustrated in the upper right of figure 

VII-1. Each device was fabricated on a ZnSe semiconductor crystal which served as a 

waveguide for multiple internal reflection Fourier transform infrared or near-infrared 

(MIR- FTIR or FTNIR) spectroscopy.  Each ZnSe crystal (10mm x 32 mm x 1mm) was 

polished to the shape of a parallelogram with 45o angles forming the two ends of the 

parallelogram. The ZnSe crystal is transparent between 500 and 20000 cm-1. The model 

device is constructed layer by layer as follows: a 200 nm P3HT thin film (MW = 55 kD, 

Rieke Metals) was spin coated from 1,2 dichlorobenzene (Sigma) onto the ZnSe surface. 

A 30 nm Au source/drain electrode array (200 µm wide, 500 µm spacing) was then 

thermally evaporated onto the P3HT film. This was followed by the deposition of a 100 

µm thick polymer electrolyte gate dielectric, LiClO4 in PEO (MW = 105) in a ratio of 16 

ether oxygen atoms to one lithium ion, via drop casting in acetonitrile.  Finally, a 30 nm 

thick Au gate electrode was thermally evaporated onto the dielectric. The active area of 

the device consisted of eleven conducting channels, each having a width of 0.5 mm and a 

length of 15.9 mm. During spectroscopic measurements, the source and drain electrodes 

were both grounded while the gate voltage (VG) was used to control the charge density in 

the P3HT layer. All spectroscopic measurements were carried out on a Nicolet 6700 

FTIR-NIR spectrometer using either an MCT or Si detector. In all absorbance spectra 

presented below, we use the absorbance spectrum of each device at VG = 0 as reference. 

All experiments were carried out in a glove box under a dry N2 environment. 
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Figure VII-1. Lower-Right: FTIR-NIR spectrum of P3HT obtained at a gate bias of VG = 

-1.35 V on a device shown on the top right. Also shown in the schematic is the molecular 

structure of P3HT. The two polaron transitions (ω1 & ω2) are illustrated schematically in 

the inset. The sharp features at the low-wavenumber end are IR active vibrational (IRAV) 

modes due to charge injection. Left: Spectra in the ω2 region obtained as a function of 

gate bias. Each spectrum was obtained within 100 s after VG is turned on. 
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C) Results and discussion 

 

 A typical absorbance spectra at VG = -1.35 V is shown in the lower-right panel in 

figure VII-1. The spectrum shows three types of absorption features. In the lowest energy 

region are sharp infrared active vibrational modes (IRAV); these transitions are forbidden 

in the neutral state but become active in the presence of charge carriers (polarons).[17]  

At higher energies, there are two broad peaks from electronic transitions associated with 

a hole polaron.  A hole polaron is a quasiparticle formed by the deformation of the 

neutral polymer backbone in the presence of an excess positive charge.  The deformed 

polymer chain gives rise to electronic states which lie in the HOMO/LUMO gap [2].  The 

broad features found in figure VII-1 are the HOMO � lowest lying polaronic state (ω1) 

and intra-polaron (ω2) transitions, as established in previous studies of doped 

P3HT.[14,16] The intrapolaron transition, ω2, is a doublet, corresponding to the two 

distinctively different local environments of the polymer chains. This doublet has been 

observed in previous studies of RR-P3HT;[14] the higher energy peak originates from a 

hole polaron in the crystalline phase (2D) while the lower energy peak is assigned to a 

hole polaron in the amorphous (1D) phase. The interchain coupling in the crystalline 

domain leads to two-dimensional (2D) delocalization of polaron states in the thiophene 

stacks, shifting the lower gap state towards the HOMO and the upper gap state to the 

LUMO; as a result, ω2 is blue shifted. In the following, we focus on the ω2 doublet as the 

P3HT film undergoes the insulator-to-metal transition. 

The left panel in figure VII-1 shows spectra in the ω2 region taken at different gate 

biases. For -1.5 V < VG < 0 V, a voltage range corresponding to the off-state observed in 
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previous transistor measurements, [10] each spectrum clearly shows a doublet of polarons 

in the 1D amorphous (P1D) and 2D crystalline (P2D) domains. For VG < -1.5 V, i.e., the 

on-state, a third feature (PM) with energy intermediate between P1D and P2D appears.  All 

spectra in figure VII-1 are recorded immediately (within 100s) after the application of the 

indicated gate bias. We find the intermediate polaron peak (PM) becomes more 

pronounced in the absorption spectra as time unfolds and the device reaches equilibrium.  

 Panels a-c in figure VII-2 show FTNIR spectra in the ω2 region taken as a 

function of time after the application of the indicated gate bias. The time interval between 

consecutive spectra is 100 s. Clearly, doping of the P3HT thin film is a very slow process 

and the time scale to reach equilibrium is on the order of hours at all gate bias voltages.  

This is clear evidence for electrochemical doping, as has been reported also by Heeger 

and coworkers recently for a polythiophene thin film transistor gated with the PEO-

LiClO4 dielectric.[9]  Under gate bias, the mobile ions can reach the P3HT/PEO interface 

to exert a very high field and, thus, electrostatic-like doping of the active P3HT layer. 

However, the mobile ions (in this case ClO4
-) can also diffuse into the semiconductor 

polymer on a longer time scale. In this case of electrochemical doping, the hole polarons 

in P3HT are electrostatically balanced by ClO4
- counter ions. The process of 

electrochemical doping is much slower in comparison with the response time of the 

polymer electrolyte dielectric operating as an electric double layer capacitor.  This is due 

to the much slower mobility of ions in the semiconducting polymer as compared with that 

in the ion conducting PEO.[18] As shown in figure VII-2, such a slow electrochemical 

doping process is seen below (VG = -1.3 V), at (VG = -1.5 V), or above (VG = -2.0 V) the 

threshold voltage for transistor turn-on.  The time-dependent spectra in figure VII-2 
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are quite different for gate bias below and above the threshold voltage. Below the 

threshold (VG = -1.3 V), ω2 remains a doublet of 1D and 2D polarons (P1 & P2). At the 

threshold (VG = -1.5 V), the intermediate peak (PM) grows with increasing doping level 

 
Figure VII-2. FTNIR spectra in the ω2 region of P3HT obtained as a function of time 

at the indicated gate bias (VG = -1.3, -1.5, -2.0 V in panels a, b, and c, respectively). 

The time interval between consecutive spectra is 100 s. The upward pointing arrows 

indicate charging, i.e., spectra recorded as a function of time after VG is switched on 

at t = 0. The downwards pointing arrow in panel (d) indicates discharging, i.e., 

spectra recorded after VG is switched from -2.0 V to 0 V at time zero. 
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(time) and becomes a clear feature coexisting with the 1D and 2D polarons at saturation. 

Above the threshold (VG = -2.0 V), the intermediate peak grows at the expense of the 1D 

and 2D polarons and becomes a dominating peak at high doping levels. Figure VII-2d 

shows the reverse process of discharging, i.e., spectra taken at 100s time intervals after 

the gate bias is switched off to VG = 0 following the charging experiments at VG = -2.0 V.  

In this case, the sharp intermediate polaron peak (PM) decays back to the broad feature 

consisting of P1 and P2 and, finally, to the baseline at longer times. This establishes the 

reversibility of the electrochemical doping process. 

 From the close correlation between the appearance of the intermediate polaron 

peak (PM) and the on-state in transistor measurement, we conclude that this peak is a 

spectroscopic signature for the high-conductance or metallic state in doped P3HT. We 

now consider the mechanistic implications of this spectroscopic signature. 

 Thin films of high MW RR-P3HT are known to consist of ~15% crystalline 

domains in an amorphous matrix, with dimensions of the crystalline domains in the range 

of a few to a few 10s nm.[5,19] While crystalline domains are expected to be more 

conductive, it is known that conduction strictly through percolation pathways of 

crystalline domains is not possible and highly crystalline thin films of low molecular 

weight P3HT show poor conductivity.[5] Thus, the more conductive thin film from the 

high molecular weight P3HT sample used here and in previous transistor measurements 

can be attributed to the connection of crystalline domains by continuous polymer strands. 

The doublet in the intra-polaron transition shows that ω2 is blue-shifted by ~0.44 eV 

going from the 1D amorphous to the 2D crystalline domain. Assuming equal 

contributions from the upper and lower polaron states to this blue shift, we obtain an 
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energy difference of ~0.22 eV between the 1D and 2D domains for the singly occupied 

polaron levels. This energy difference represents a large activation barrier for a hole 

polaron to hop from the 2D crystalline domain to the 1D amorphous region. The large 

activation energy is reason for the insulating behavior of P3HT at low doping levels. 

Thus, the highly conductive or metallic behavior of P3HT at high doping levels must 

involve the reduction or elimination of this activation energy.  

 In the conventional picture of the IMT,[12] the metallic state results from the 

strong screening among singly occupied states, such as dopants in silicon. We believe 

this traditional picture applies to the metal-like high conductance state in P3HT. At high 

doping levels, carrier screening decreases the effect of the underlying polymer 

microstructure, creating a more homogeneous electrostatic landscape.  This strong 

screening removes the energetic barrier impeding the hole polaron from moving freely 

between the crystalline and amorphous domains. This explains the critical spectroscopic 

observation, namely that the 1D and 2D polaron states merge into a single intermediate 

state (PM in figures VII-1 & VII-2). The merging of these two polaron states indicates 

that the major energetic barrier for transport, namely, the hopping of polarons from the 

2D crystalline to the 1D amorphous regions, has been eliminated. This interpretation is 

also consistent with the nearly temperature independent conductivity observed for P3HT 

[10,11] or a related polythiophene [9] at high doping levels in transistors using the PEO-

LiClO4 polymer electrolyte dielectrics.   
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Figure VII-3. Solid circles: polaron concentrations at equilibrium obtained from 

the intensity loss in the ring-stretch mode (inset) of neutral thiophene as a function 

of VG.  The solid line is the integrated absorbance (right axis) of the ω1 polaron 

peak at equilibrium as a function of VG. The curve from ω1 is scaled to match the 

data points (solid circles) for VG ≥ -1.5 V.  
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 In order for screening to play an important part in charge transport and facilitate 

the insulator-to-metal transition, carrier concentration must increase to a sufficiently high 

level. Charge carrier concentration can be obtained from absorption spectra via two 

methods.  The first is the low energy polaron transition; the absorbance of this peak (ω1 

in figure VII-1) is proportional to the number of injected holes. This is shown as the solid 

curve (as a function of VG) in figure VII-3. The second method is to examine molecular 

vibrational peaks characteristic of the neutral thiophene ring. A positively charged 

molecule is expected to exhibit vibrational spectra different than that of the neutral 

molecule. With increasing doping level (increasing gate bias), the intensity of the ring 

stretch mode (νR) of neutral thiophene [20] should decrease, as shown in the inset of VII-

3, while that corresponding to the positively charged thiophene should increase. 

Unfortunately, νR of positively charged thiophene is in the spectral region obscured by 

strong vibrational signal from the PEO dielectric layer. Thus, we rely on the intensity loss 

of νR from neutral thiophene to quantify hole polaron concentration.  When we exclude 

signal contributions from outside the active area of the device, we find that the loss of the 

neutral thiophene νR peak approaches 100% as the gate bias exceeds the critical value 

(VG < -1.5 V; gate bias on for ~2 hours to reach equilibrium). This indicates that all 

thiophene rings in the active channel of the device bear at least a partial charge.  The 

average charge per thiophene ring can be calculated by taking the inverse of the polaron 

size in monomer units. The size of the polaron is an important parameter in estimating the 

importance of effects due to correlation between the hole polarons.  Based on 

simultaneous gate-current measurement, we find that the integrated amount of injected 

hole density of [h+] = 2.6x1020/cm3 is sufficient to completely remove the C=C ring 
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stretch mode of neutral thiophene. Using a thiophene monomer concentration of 

5.2x1021/ cm3 (from the thin film density of 1.33 g/cm3),[21] we calculate that each 

injected hole affects 20 thiophene rings, [22] in agreement with the reported size of the 

hole polaron in P3HT from electron-nuclear double resonance measurements.[23] The 

solid circles in figure VII-3 show the calculated polaron densities from the decrease in 

peak intensity of the neutral thiophene ring mode at 1510 cm-1. This calculated density 

levels off at [h+] = 2.6x1020/cm3 as no neutral thiophene rings are left and the entire film 

in the active region are occupied by polarons, each with the size of 20 thiophene rings. 

Above this doping level, [h+] can be calculated from the ω1 polaron peak as shown by the 

solid curve, which is scaled to match the values obtained from the ring mode at VG ≥ -1.5 

V. 

 The charge carrier concentration shown in figure VII-3 increases abruptly at the 

critical gate bias voltage, which is consistent with the discontinuous change in the 

number of carriers expected at the insulator-to-metal transition.[12]  Given the size (~ 20 

thiophene rings) of each hole polaron, the quantitative data in figure VII-3 indicate that 

these polarons must spatially overlap; resulting in the strong screening of the underlying 

lattice potential.  This screening effectively eliminates the energetic barrier for a hole 

polaron to move from the 2D crystalline domain to the 1D amorphous matrix, resulting in 

a highly conductive state. 

 The IMT does not happen in a spatially homogeneous manner in the device 

employed here. The slow electrochemical doping process dictates that the critical 

concentration for IMT is first reached at the P3HT/dielectric interface after the 

application of necessary VG, resulting in the on-state in transistor measurement and the 



 

 168 

appearance of the metallic state in the intra-polaron transition (figure VII-1 left). The 

slow diffusion of counter ions then leads to the propagation of the IMT front away from 

the P3HT/dielectric interface and, eventually, throughout the whole P3HT film, as shown 

by the time-dependent spectra in figure VII-2. Note that structural changes in P3HT due 

to the presence of perchlorate dopant ions almost certainly occur on some level.  X-ray 

diffraction experiments on iodine doped P3HT show that at high doping concentrations, 

the chain packing structure is altered to a degree which might interfere with interchain 

electronic overlap.[24,25]  The relative importance of screening versus that of structural 

deformations due to dopant intercalation in the insulator-to-metal transition is difficult to 

estimate from these experiments.  However, the overall conclusion that the electronic 

structure of the metallic phase P3HT is decidedly more homogeneous than P3HT in its 

insulating phase is not dependent on which interpretation is favored.   

 

D) Conclusion 

 

 In conclusion, we show spectroscopic evidence for the insulator-to-metal 

transition in gate-doped P3HT using a polymer electrolyte dielectric. We find that the two 

polaronic states in crystalline and amorphous phases of P3HT merge into a single state at 

high doping levels.  At such a high doping level, strong carrier screening and/or structural 

deformation due to ion penetration removes the energetic barrier for polaron transfer 

from crystalline to amorphous domains, resulting in the insulator-to-metal transition.  

This suggests that the activation energy required to move charges from the crystalline to 
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the amorphous phases of high molecular weight RR-P3HT is an important source of 

resistance in this material.   
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