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Abstract 

 

Organic electronics offer many benefits to inorganic electronics such as the 

promise of cheap, large-scale processing on flexible substrates and incorporation into 

many household devices.  Organic photovoltaic (OPV) devices and organic field 

effect transistors (OFETs) offer low-cost implementation which might compete in 

some applications with their inorganic counterparts.  However, fundamental work is 

necessary to uncover the physics governing the operation of OPVs and OFETs, in 

order to improve the efficiency of the devices.  Much of the fundamental 

understanding developed in this work occurs at buried interfaces, such as the donor 

acceptor interface in OPVs or the semiconductor dielectric interface in OFETs. 

This thesis first introduces the reader to the device physics and state of the art 

in the development of OPVs and OFETs.  After describing the experimental 

techniques used, a discussion of interfacial electric fields in bulk heterojunction 

polymer/small molecular solar cells will follow.  It was found using the vibrational 

Stark effect, that donor acceptor interfacial electric fields could be measured and 

related to previous experiments.  The interfacial field hinders the dissociation of 

excitons but also prevents geminate pair recombination.  In OFET devices, the 

semiconductor dielectric interface was studied and the rate limiting steps to device 

performance in polymer electrolyte gated OFETs were determined.  The interfaces 

studied provide insight into the fundamental operation of both OPVs and OFETs, 

which should help produce more efficient and controllable production of organic 

electronic devices. 
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Chapter 1.  Introduction 

 

1.1  Motivation 

 Transistors and solar cells have been the subjects of research since Bell 

scientists first introduced the transistor in 1947.  The discovery of conducting 

polymers[1-3] subsequently led to the broad field of organic electronics.  That field 

has specific advantages over inorganic electronics, as it fulfills the desire to build 

electronic devices more cheaply and incorporate the devices into various new 

applications.  One of the most promising aspects of organic electronics is the fact 

that the devices are built from the ground up and can therefore be made on flexible  

substrates.  This means that devices such as transistors can be incorporated into 

clothing and credit cards because there is need for neither a rigid substrate nor an 

inorganic semiconductor such as silicon.  Large scale processing of organic 

electronic devices is important and has been a driving force behind the organic 

electronics movement.  Large scale processing allows for cheap mass production of 

devices.  This is a major advantage in the photovoltaic industry, as high costs of 

production and installation of inorganic solar cells hinder the adoption of this 

technology. 

 What is hindering the field of organic electronics is performance.  Transistors 

and solar cells based on traditional materials and manufacturing methods are 

currently more robust and more efficient.  Not only is the efficiency better, the 

switching speeds of inorganic transistors are on the order of nanoseconds and 

devices operate at lower gate voltages.  Another disadvantage is that because the 
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inorganic devices are rigid, they are easy to encapsulate and more robust.  The 

crystalline structure of organic semiconductors is very closely related to their 

electronic properties.  For this reason, it is very important to study and understand 

the structure – property relationship in organic electronic devices.  

 Part of this work involves understanding the mechanisms for efficiency losses 

in organic photovoltaics (OPVs).  This is one of the most important and fundamental 

aspects of the field that must be understood to achieve viable devices.  This is an 

inherently difficult problem to study and the wide range of OPV device types means 

there is much work remaining before the problem is understood.  Bulk heterojunction 

(BHJ) solar cells are the most commonly studied class of OPVs.  When considering 

efficiency-loss mechanisms for this type of organic solar cell, there are four major 

steps to consider between absorption of a photon of light and collection of an 

electron.  Each step itself must be carefully studied to understand the overall 

fundamental device physics.  Section 1.2.1 of Chapter 1 will describe the current 

understanding of BHJ OPV device physics in detail.  Chapter 3 of this thesis is 

entirely devoted to understanding a single step in the operation of BHJ OPV devices: 

the charge transfer step. 

 Because the important physics to understand occur at buried interfaces within 

the device, attenuated total internal reflection Fourier transform infrared (ATR-

FTIR) spectroscopy has been a major tool for this work.  This technique and its 

advantages for studying this type of problem will be discussed in Chapter 2.  It is 

useful to compare spectroscopic measurements with morphological measurements to 

obtain a more complete understanding of the fundamental device physics.  Atomic 
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force microscopy (AFM) was used in this regard and will also be discussed in 

Chapter 2.  Other techniques such as scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) are extremely useful and where the studies 

have been published in peer-reviewed literature, references to these measurements 

will be made as well. 

 Understanding the limits of organic field effect transistor (OFET) device 

performance is another fundamental aspect of knowledge that is extremely important 

to the advancement of the field of organic electronics.  Chapter 4 of this work 

specifically examines the semiconductor-dielectric interface in order to understand 

what limits switching-speed of the devices and what fundamental processes occur at 

the interface.  Further in this introduction (Section 1.4), the device physics of OFETs 

will be discussed as well as the importance of understanding the semiconductor-

dielectric interface.  Because of the buried nature of the interface, ATR-FTIR is 

again the primary tool used to study this problem.  The difficulty in studying a buried 

interface lies in distinguishing any bulk experimental data from the important 

interfacial data.  Also, it is often the case that the signal to noise levels for the data at 

the buried interface are low.  Again, significant technical detail will be provided in 

Chapter 2. 

 Because of the use of ATR-FTIR, it is convenient to build model OFETs and 

OPVs on top of ATR waveguides (typically silicon and germanium crystals).  The 

devices can be operative as a practical device, or simply a representation of the 

interesting layers of the device.  For example, working OFETs were built on silicon 

waveguides and were scaled up in order to increase signal to noise ratios for FTIR 
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experiments.  For the case of OPV devices, only the donor and acceptor materials 

were included in the experiments.  Details regarding device fabrication will be 

provided in Chapter 2, with more specific experimental details also provided in 

Sections 3.2 and 4.2. 

 The intent of this thesis is to provide understanding of fundamental physics at 

both semiconductor-semiconductor and semiconductor-dielectric interfaces.  This 

new understanding presented herein is applicable to the performance of both BHJ 

OPV and OFET devices.  It also provides fundamental understanding of the 

chemistry and physics at the interfaces in general, which will prove useful in the 

future design of organic devices. 

 

1.2  Organic Semiconductors 

1.2.1  Introduction 

 Semiconductors are materials characterized by their ability to both be 

insulators and conductors.  A semiconductor’s density of states (DOS) is not 

continuous, but rather there is a region where electronic states are forbidden, known 

as the energy gap.  Electrons in the semiconducting material are only allowed to have 

an energy in certain regions, or bands, which are in between the energy of a tightly 

bound electron and a totally free electron.  The bands are the result of discrete 

quantum states of the electrons.  For a semiconductor, the lower energy states are 

filled (bonding orbitals) and referred to as the valance band.  The conduction band is 

empty and is the result of the anti-bonding orbitals.  The energy gap between the 

valance and conduction bands is therefore commonly referred to as the band gap.  
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Since the valance band of a semiconductor is full or very nearly full, in order for an 

electron to move it must be excited into the conduction band from the valance band.  

The amount of energy required for this transition is given by the band gap of the 

semiconductor.  The electron which is promoted to the conduction band leaves 

behind a vacancy, or hole, which can also be thought of as a charge carrier as the 

hole is free to move within the valance band. 

 Semiconductors are often doped with impurity atoms in order to introduce 

charge carriers into either the valance or conduction bands.  N-type doping 

introduces impurity states near the conduction band of the semiconductor.  The 

impurity atoms are oxidized by accepting holes and donating electrons to the 

conduction band.  For example, in the case of silicon, phosphorous is commonly 

used as an n-type dopant, as it donates electrons to the conduction band of silicon.  A 

dopant which is an electron acceptor, such as boron, will accept electrons from the 

valance band of silicon and allow conduction of holes in the valance band.  This type 

of doping is p-type.  The electrical conductivity of the resulting doped semiconductor 

depends on both the number of impurity atoms and the type of dopant atoms. 

 In contrast to inorganic semiconductors where the lattice is highly covalent and 

crystalline, organic semiconductors form bands through overlap of π orbitals.  

Therefore, the interaction between neighboring molecules is much weaker for the 

organic semiconductor case.  The valance band is the result of overlap between the 

highest occupied molecular orbitals (HOMOs) and the conduction band is the result 

of overlap between the lowest unoccupied molecular orbitals (LUMOs) from the 

isolated molecule.  The HOMO and LUMO states can also be thought of as the 
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bonding and anti-bonding orbitals.  The simplest example of an organic 

semiconductor is polyacetylene, which is a polymer with alternating single and 

double bonds along its backbone.  The π overlap across the backbone allows for 

conduction of holes when doped with iodine.[4,5]  This work was the foundation for 

the 2000 Nobel Prize in Chemistry for the discovery of conductive polymers.  Like 

inorganic semiconductors, organic semiconductors can be doped, but this is often 

unnecessary in organic electronic devices as charges are induced in several different 

ways besides impurity doping.  This will be discussed for both organic photovoltaic 

devices and organic field effect transistors in the following sections. 

 Because of the weaker interaction between neighboring molecules in organic 

versus crystalline inorganic semiconductors, the mechanisms of charge transport in 

both amorphous inorganic semiconductors and organic semiconductors are 

complicated.  The theories of charge transport in organic semiconductors are 

discussed in the following section (1.2.2). 

 

1.2.2  Charge transport in organic semiconductors 

 Because charge transport in organic semiconductors occurs through the 

overlap of π orbitals, the transport depends greatly on the degree of crystallinity of 

the organic film.  Vacuum deposited organic small molecules may be well ordered 

enough to be described by the multiple trap and release (MTR) model (described on 

page 8), as the valance or conduction bands may act as suitable transport levels.  In 

less ordered amorphous organic semiconductors, the carriers are more localized and 

transport occurs by hopping between localized states.  Charge hopping refers to 
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quantum mechanical tunneling between two localized states.  Because transport by 

hopping depends upon overlap of quantum mechanical wavefunctions, the 

conductance (G) between two sites (i and j) can be described by Eq. 1.1: 

 

    

€ 

Gij = G0e
−sij .[6]                  (1.1) 

 

The exponent sij is given by Eq. 1.2 and includes the tunneling process as the first 

term on the right hand side of the equation with an overlap parameter between the 

two sites (α) and the distance (Rij): 

 

    

€ 

sij = 2αRij +
εi −εF + ε j −εF + εi −ε j

2kBT
.[6]              (1.2) 

 

The second term on the right hand side in Eq. 1.2 includes the activation energy 

required for an upward hop in energy and the probabilities of occupation for sites i 

and j.  The fact that this model includes both activation energy and distance means 

that a charge carrier can either hop a short distance with high activation energy or a 

long distance with low activation energy.  This is known as variable range hopping 

(VRH).[6]  The VRH model assumes a density of states (g(ε)) that is exponential and 

given in Eq. 1.3: 

 

    

€ 

g(ε) =
N t

kBT0

exp ε
kBT0

 

 
 

 

 
 .                (1.3) 
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The multiple trapping and release (MTR) model is currently used to describe 

charge transport in a-Si and has been used to describe charge transport in highly 

conjugated organic semiconductors as well.[47]  In this model, delocalized states form 

a conduction band and valance band, both of which are associated with localized 

states acting as traps.[47]  This is shown schematically in Fig. 1.1.  In the case of p-

doped pentacene, a hole traveling through the delocalized states of the valance band 

has potential to interact with the localized states and become trapped.  Two 

assumptions are made in this model.  The first is that a carrier arriving at a localized 

state will be trapped instantly.  The hole can be excited out of the localized state if 

given enough energy.  Indeed, the second assumption asserts that room temperature 

provides enough thermal energy to free the carrier.  The mobility can now be related 

to mobility of the charge carrier in the delocalized band by the following: 

 

    

€ 

µD = µ0αe
−

Et

kT ,                  (1.4) 

 

where µD is the drift mobility (the mobility after trapping and release), µ0 is the 

charge mobility in the delocalized band, α is the ratio of density of states (DOS) at 

the band edge to trap states and Et is the energy difference between trap energy and 

band edge.[47]  It is clear that from Eq. 1.4 that mobility in a disordered film will be 

exponentially dependent on the depth of the trap and the temperature.  While at room 

temperature, holes (electrons) can be excited back into the valance (conduction) band 

by thermal energy, but charge carrier mobility is significantly decreased because of 
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the presence of traps.  The MTR model also predicts an effective mobility given by 

Eq. 1.5, where the effective mobility µeff is the free carrier mobility µ0 times the ratio 

of free holes Nfree to induced holes Ntot: 

 

    

€ 

µeff (VG ,T ) = µ0

N free

N tot

.                 (1.5) 

 

The effective mobility depends on both temperature and gate voltage (VG).  Higher 

gate voltages allow the lower lying traps to fill which decreases the effective 

activation energy for the movement of a trapped charge. 

Mobility in spin-coated P3HT OFET devices is best characterized by the VHR 

model.  For the experiments working with charge carriers in model OEFT devices in 

this thesis, to quantitatively describe the movement of holes through P3HT a 

drift/diffusion model is required because no voltage was applied to source or drain 

with the model devices.  The solution to the one dimensional diffusion problem with 

two boundaries is known and given by Eq. 1.6: 

 

    

€ 

Q(t ) = C −
2C
π

2

2n −1( )
2
π

 

 

 
 

 

 

 
 
exp − 2n −1( )

2
π 2 Dt

l 2

 

 
 

 

 
 

 

 

 
 

 

 

 
 

n=1

∞

∑ .[7]            (1.6) 

 

In Eq. 1.6, C is saturation concentration at 

€ 

t→∞, D is the diffusion constant, and l 

is the channel length.  In the experiments with model OFET devices, charge carriers 

were induced into the channel by an applied gate voltage. 
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 In order to produce charge carriers in un-doped organic semiconductors and 

without applying a gate voltage (such as in the case of OPVs), external energy is 

required to promote an electron from the valance band to the conduction band.  

When organic semiconductors are excited by an external source of energy such as 

light, an electron in the valance band is excited into a higher energy level, leaving 

behind a hole.  Whether or not the electron and hole are free or Coulombically bound 

to one another in a semiconductor with hydrogen-like wavefunctions depends on the 

Bohr radius of the lowest electronic state, given by Eq. 1.7: 

 

    

€ 

rB = r0ε
me

meff

 

 
  

 

 
                      (1.7) 

 

and the critical distance between the two charges (Eq. 1.8): 

 

    

€ 

rc =
q2

4πεε0kBT

 

 
 

 

 
 .[8]                   (1.8) 

 

In Eq. 1.7, me is the mass of a free electron in vacuum, meff is the effective mass of an 

electron in the semiconductor, r0 is the Bohr radius for a ground state hydrogen atom 

(0.53 Å) and ε is the dielectric constant.  In Eq. 1.8, q is the fundamental charge, εo is 

the permittivity of free space, kB is Boltzmann’s constant and T is the temperature.  

The electron and hole are Coulombically bound to each other if rc > rb.  This 

condition is known as an exciton, and the pair is treated as a single neutral particle.  
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The absorption of energy to form an exciton in a semiconductor is illustrated 

schematically in Fig. 1.2. 

 The electron and hole will recombine if they do not separate within the 

excitonic lifetime.  The singlet exciton lifetime for model electron acceptor C60 has 

been determined through time-resolved photoluminescence experiments to be 0.3 

ns.[9]  Within this time, the exciton was also found to diffuse 28 nm, a quantity 

referred to as the exciton diffusion length.[9]  The lifetime and diffusion length of an 

exciton are important quantities for OPV materials, as they determine certain design 

rules for organic solar cells which will be discussed in section 1.3.3. 

 

1.2.3  Charge transfer at organic-metal and organic-organic interfaces 

 The fundamental physics governing OPV device operation depend greatly on 

the energetics at the donor acceptor interface.  Chapter 3 will explain in detail the 

effects of morphology on interfacial energetics and device performance.  This 

section is meant to serve as an introduction to and review of recent work in the field 

of charge transfer at organic-metal and organic-organic interfaces. 

 To begin to understand charge transfer between two organic molecules, an 

understanding of charge transfer between a metal substrate and an organic molecule 

is the best place to begin.  The simplest hypothesis of how an organic metal interface 

works is called the Schottky-Mott limit, which assumes vacuum level alignment 

between the metal and semiconductor.  It was once thought that even though vacuum 

level alignment had been disproved for inorganic semiconductor semiconductor 

interfaces, for organic-metal interfaces vacuum level alignment was acceptable 
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because the interaction between organic and metal is not significant.[10]  This was 

proven to be false by numerous studies on various metal organic interfaces which 

show the breakdown of the vacuum level alignment rule.[10]  This means that one 

cannot use the properties of isolated molecules to determine interfacial energetics.  

Much more complex theories revealed a better understanding of the physics at metal 

organic interfaces.  Such theories involve charge transfer at the interface, so that a 

dipole becomes present between the two materials.  The dipole strength can be easily 

measured using photoelectron spectroscopy[10-12] but the nature of the charge transfer 

has been the topic of some debate. 

 There has been no widely accepted universal picture describing interfacial 

charge transfer, but several theories have been proposed.  Interactions between 

metals and organic molecules are usually classified by Van der Walls physisorption 

or covalent-like chemisorption.[13]  Within this framework, the interaction has been 

described using the interface density of states model (which was originally proposed 

for inorganic semiconductor metal interfaces and later adopted for metal organic 

interactions).[14-16]  Vázquez et al. calculated an induced density of interface states in 

the organic semiconductor energy gap which was high enough to control interfacial 

dipole formation.[17]  A charge neutrality level for the organic molecule was then 

proposed which can be determined for different organic semiconductors and then 

applied to different systems such as organic – organic interfaces.[17]  The charge 

neutrality level is the result of a broadened molecular density of states due to 

molecule metal interaction.  Its position is determined such that the total integrated 

density of states accommodates the number of electrons in the isolated molecule.[18]  
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Once determined for a molecule, the position of the charge neutrality level can be 

used to predict charge transfer between two organic molecules with known charge 

neutrality levels.  For example, Vázquez, Kahn, et al. used their measured charge 

neutrality levels for several organic molecules and predicted interfacial dipoles 

compared to the values measured with photoelectron spectroscopy with a high 

degree of accuracy.[18,19]  The theory predicts that negative charge is transferred 

between organic molecules from lower to higher charge neutrality level.  This results 

in a decrease in the initial offset between charge neutrality levels and the formation 

of an interfacial dipole.  The amount of charge transfer is predicted by a screening 

parameter, which is a function of the dielectric constants of the two materials. 

 A similar suggestion has also been proposed to explain the formation of the 

interfacial dipole.[20-22,28]  It is similar in that both mechanisms involve charge 

transfer between interface states.  However, the ideas are very different in the 

assumed interaction strengths at the interfaces.  Integer charge transfer assumes Van 

der Walls type bonding and electronic coupling via tunneling.[28]  Therefore, a much 

stronger interaction between the two organic semiconductors is assumed.  

Photoelectron studies by Osikowicz et al. have shown similar results for the 

interfacial dipole between C60 and P3HT, with the negative pole of the dipole 

residing on the C60 phase.[28]  However, the authors argue that an interfacial dipole of 

0.6 eV cannot be accounted for with doping or impurity induced space charge, 

because the levels or impurity theoretically required for this are unrealistically high.  

The authors argue that charge will spontaneously transfer from donor to acceptor 

until equilibrium is reached.  For example, in the P3HT/C60 system, electronic states 
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in the P3HT are depopulated (forming polaronic P+ states), transferring charge into 

negative charge transfer states (CT-) on the C60.  This spontaneous charge transfer 

occurs until an equilibrium between P+ polaronic states and CT- states is reached.  

Essentially, energy is gained as charge is transferred from P3HT to C60 at the 

interface.  If conditions for spontaneous charge transfer are not met (i.e. the P+ 

energy level of a polymer falls above the CT- states of the C60), then additional 

energy is required to form a dipole and spontaneous charge transfer will not occur.  

This was shown to be the case for the poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8)/C60 

system.  In Chapter 3, the mechanisms for formation of the interfacial dipole will be 

revisited. 

 

1.3 Organic Solar Cells 

1.3.1  Introduction 

 The function of a solar cell is to convert energy in the form of photons into 

electric current which can do work in an external circuit.  To accomplish this, a 

semiconducting material is required.  The photon transfers its energy to an electron 

which is moved into an excited state.  An exciton must separate into a free electron 

and hole by moving to an energetically favorable state.  This can be accomplished by 

placing two semiconductors in direct contact with one another to form an interface.  

At the interface, ideal conditions elicit the lowest unoccupied molecular orbitals 

(LUMOs) of the two semiconductors offset by an energy slightly larger than the 

exciton binding energy.  This allows for downhill flow of charge carriers as they 

move into separate phases.  To achieve such energetic offset, intrinsic n and p-type 
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organic semiconductors are used to form the junction.  N-type organic 

semiconductors act as electron acceptors and p-type act as electron donors.  In an 

OPV device, n-type and p-type organic semiconductor materials are placed together 

and photon absorption and exciton formation occur in the donor and acceptor phases, 

and charge separation occurs at the interface.  Charge collection results after the 

separated charges move through their transport phases (electrons in the n-type 

material and holes in the p-type) to electrodes.  Schematically, these steps are shown 

in Fig. 1.3. 

 

1.3.2  Materials for organic solar cell devices 

 The ideal n and p-type organic semiconductors for use in photovoltaic 

applications need to have an optimal energy gap between highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for absorption of 

energy in the solar spectrum.  The portion the of solar spectrum which is absorbed by 

each material is wavelengths between 350 nm and an upper wavelength defined by 

the band gap of the material.[23]  Most organic semiconductors studied have bandgaps 

between 1.8 and 5.0 eV.[24]  The materials working in tandem that have produced the 

highest efficiency bulk heterojunction (BHJ; this architecture will be discussed in 

sections 1.3.3 and 1.3.4) organic solar cells to date are poly(3-hexylthiophene) 

(P3HT) and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM).[25-27]  The two 

molecules are shown in Fig. 1.4.  P3HT in its regioregular form produces very 

ordered structures and possesses a high degree of crystallinity.  Also, a vacuum-level 

offset between the molecules is estimated to be 0.6 eV based on the offset between 
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P3HT and C60.[28]  This energy drop is sufficient to separate electron hole pairs, 

whose exciton binding energy has been measured to be 0.4 – 0.5 eV.[29]  Fig. 1.5 

illustrates the energy offset between PCBM and P3HT schematically. 

 PCBM and C60 are small molecule acceptors that are often used in conjunction 

with other donor polymers.  Poly(9,9′-dioctylfluorene-co-bis-N,N′-(4-butylphenyl)-

bis-N,N′-phenyl-1,4-phenyldiamine) (PFB) and poly(2-methoxy-5-(2'-ethyl-

hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) are commonly used donor polymers 

and their effects on OPV efficiency when blended with PCBM will be discussed in 

Chapter 3.  The molecular weight of the donor polymer is an additional 

consideration, and the effect of the molecular weight of P3HT on P3HT/PCBM 

blends will also be discussed in Chapter 3. 

 OPV devices can also be made with vacuum-deposited small molecules.  The 

efficacy of the two small molecules working together as an OPV depends on the 

relative energy-level offset and the amount of interfacial electric field induced.  The 

interfacial electric field at vacuum-deposited small molecule interfaces will be 

examined in Chapter 3 as well.  The common small molecule semiconductors 

investigated in this work include 3,4,9,10-perylenetetracarboxylic dianhydride 

(PTCDA), copper phthalocyanine (CuPc), 4,4’-N,N’-dicarbazolyl-biphenyl (CBP), 

N, N ′-bis-(1-naphthyl)-N,N ′-diphenyl1-1,1-biphenyl1-4,4′-diamine (α-NPD), 

bathocuproine (BCP) and tris-(8-hydroxyquinoline) aluminum (Alq3). 

 

1.3.3  Organic solar cell architectures 

 In order to achieve maximum efficiency in OPV devices, certain design rules 
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must be considered.  The most efficient dissociation of exciton into free charge 

carriers occurs at the donor acceptor interface.[30,31]  This the area of this interface 

must therefore be maximized while still considering the efficacy of light absorption 

of the photovoltaic materials.  This means maximizing the donor acceptor interface 

while optimizing the thicknesses of each layer to allow for maximum light 

absorption.  This optimization requires that any exciton created in either the donor or 

acceptor must diffuse to the nearest interface before recombining.  Given the exciton 

diffusion length measured for P3HT/PCBM devices,[9] the optimum thickness of 

each layer is about 60 nm.  This optimum thickness takes into account the fact that 

once a free electron and hole have been generated, they must move to the anode and 

cathode (respectively) of the device in order to be collected and used in the circuit.  

A charge carrier that either spends too much time in its transport phase or has too far 

of a distance to travel before collection will recombine with its counterpart. 

 In keeping with these design rules, there are several types of OPV architectures 

which are in use in current devices.  The simplest is a multilayer device whose 

structure is a layer of donor material and a layer of acceptor material sandwiched 

between metal electrodes.  The problem with this architecture is that the layers need 

to be on the order of 100 nm thick, and with an exciton diffusion length on the order 

of 10 nm (28 nm in C60),[9] some excitons are being generated but not converted into 

free carriers.  A way to increase film thickness for optimal light absorption while 

minimizing the length the excitons must diffuse is to mix the donor and acceptor 

layers together between two electrodes.  This architecture is called the bulk 

heterojunction (BHJ) and is the primary solar cell architecture used in this research.  
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BHJ solar cell devices are typically made by blending donor polymer with acceptor 

small molecule.  Efficiency is highly improved with the BHJ solar cells over the 

multilayer cells and processing is straightforward as well.  However, the result of 

uncontrolled blending donor and acceptor will yield a device which has isolated 

phases and layers that are too thick or thin in each phase.[32]  Fig. 1.6 is a cartoon 

representation of a cross section of a typical BHJ blend.  Donor and acceptor phases 

which are isolated islands will be able to separate excitons into free charge carriers, 

but the carriers will be marooned on the islands and never collected, decreasing 

efficiency.  Because of the importance of the BHJ solar cell to this thesis work, BHJ 

devices will be discussed in greater detail in the following section (1.3.4).  To reduce 

the island effect, controlled-growth BHJ solar cells are currently being 

investigated.[32]  This involves creating continuous carrier conducting pathways 

using organic vapor phase deposition.  Yang et al. showed that substrate temperature, 

chamber pressure, and high molecular surface diffusivity are critical factors which 

can be optimized for growth of ordered blends with high surface areas and 

continuous pathways.[32]  Further improvements to OPVs that go beyond the 

manipulation of device architecture are discussed in section 1.3.5. 

 

1.3.4  Bulk heterojunction solar cells 

 The basic operation and structure of the BHJ solar cell were presented in the 

previous section.  As mentioned, this architecture is the primary solar cell device 

type examined in this thesis research.  This section will provide more detail on the 

BHJ solar cell and the current understanding of efficiency-loss mechanisms in these 
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devices. 

 The bulk of the work performed recently on bulk heterojunction solar cells has 

involved devices made by mixing small molecule electron acceptors with conjugated 

polymer donors.[30,31,33,34]  The most commonly studied materials are PCBM 

(acceptor molecule) and regio regular P3HT (donor polymer).[26,27,35]  Upon mixing, 

the result is a spontaneous phase separation of the polymer and small molecule 

which forms nano-scale charge-separating heterojunctions throughout the bulk of the 

material.[30,36]  The active layer is sandwiched between two electrodes: one 

transparent and one reflecting.  Indium tin oxide (ITO) is the usual choice for the 

transparent conductive electrode. 

 Efficiency-loss mechanisms in the BHJ solar cell are not well understood.  It 

has been shown that only 61% of electron hole pairs dissociate into free carriers 

under short circuit conditions (i.e. no external circuit).[37]  Other mechanisms such as 

bimolecular recombination result in the loss of free charge carriers and are not well 

understood.[38,39]  It was described in section 1.2.3 that charge will transfer at the 

interface between two organic semiconductors creating an interfacial dipole and 

resulting electric field.  Understanding this interfacial field is critical to the 

understanding of electron hole pair separation and efficiency loss mechanisms in 

BHJ OPVs. 

 A vacuum level shift of 0.6 eV with respect to P3HT has been measured at the 

P3HT C60 interface.[28] This number will be adopted for the vacuum-level offset 

between P3HT and PCBM, as the two systems are very similar.  This energy-level 

offset is the result of charge transfer between the donor and acceptor and as a result, 
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an interfacial dipole is formed pointing from donor to acceptor (positive to negative).  

Arkhipov et al. suggested this dipole makes exciton dissociation more efficient by 

preventing geminate pair recombination at the donor-acceptor interface.[40]  It has 

also been suggested that the main cause of efficiency loss in excitonic solar cells is 

geminate pair recombination.[41] The binding energy of such geminate electron hole 

pairs across the interface has been reported to be approximately 0.3 eV.[42]  

Intuitively however, one would expect the electric field associated with the dipole to 

hinder the dissociation of an exciton due to electrostatic repulsion encountered by the 

hole and electron in the donor and acceptor materials respectively.  These ideas raise 

an important question: what role does the interfacial electric field play in exciton 

dissociation and the overall quantum efficiency?  This question will be addressed in 

detail in Chapter 3.  

 

1.3.5  Improving efficiency in bulk heterojunction solar cell devices 

 This section will review research in the field of BHJ photovoltaics aimed at 

improving the efficiency of organic solar cells in general.  BHJ solar cells are 

inherently excitonic, which means there are several key steps where efficiency must 

be maximized.  When the steps are broken down into their individual efficiencies, 

the result is Eq. 1.9, which is the definition of external quantum efficiency (ηEQE).[43] 
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ηA is the efficiency of photon absorption leading to exciton generation and the 
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internal quantum efficiency (ηIQE) is defined as the ratio of charge carriers collected 

to the number of photons absorbed; it is the product of the efficiencies of exciton 

diffusion, charge transfer and charge carrier collection, respectively.  The charge 

transfer step is the dissociation of an exciton into free charge carriers, where the 

attractive Coulombic potential between electron and hole must be overcome.  To best 

improve efficiency, a balance must be struck between increasing the amount of 

photons absorbed by decreasing the polymer bandgap and minimizing energy loss at 

the charge transfer step.  Calculations have predicted that 10% efficiency is 

achievable with an optimal polymer bandgap of 1.4 eV.[44]  Contrasting calculations 

have shown that the ideal bandgap for the polymer is 1.9 eV and the maximum 

power conversion efficiency should be at least 10.8%.[45]  The difference is the result 

of the latter calculation placing more emphasis on the charge transfer step.  This is 

ideal for the improvement of P3HT/fullerene systems because the bandgap of P3HT 

is 1.9 eV.[46]  Much emphasis has been placed on engineering polymers with lower 

bandgaps[46] but efficiency can be optimized using P3HT systems by focusing on the 

charge transfer step.[45]  Understanding the interfacial electric field will prove critical 

to understanding the performance of BHJ OPV devices. 

 

1.4  Organic Field Effect Transistors 

1.4.1  Introduction 

 Chapter 4 deals with the fundamental physics and rate-limiting steps involved 

in the operation of organic field effect transistors (OFETs) gated with a polymer 

electrolyte dielectric.  This section will provide an introduction to the operation of 
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OFET devices and the physics governing their operation. 

 The organic field effect transistor facilitates the transport of charge between a 

source and drain electrode through an active channel made of organic semiconductor 

material.  A third electrode, the gate electrode, is separated from the active channel 

by an insulating dielectric material and facilitates the amount of charge carriers 

available to transport charge in the channel.  When a bias is applied to the gate 

electrode, charge carriers are swept into the organic semiconductor and provide a 

path for flow of current.  With no bias on the gate, there should be no charge carriers 

in the channel and no current (known as off current) between the source and drain 

electrodes.  The OFET is shown schematically in Fig. 1.7. 

There are benchmarks used to compare the performance of OFETs to 

inorganic thin film transistors (TFTs).  The usual benchmark material is amorphous 

silicon (a-Si) and properties include on to off current ratio (Ion/Ioff), charge carrier 

mobility (µ) in the accumulation regime and operating gate voltages (VG).[47,48]  In 

order for OFETs to compete with the a-Si TFTs currently used in liquid crystal 

displays (LCDs), for example, on to off current ratio would have to be 106 or higher, 

charge carrier mobility at least 1 cm2 V-1 s-1 and operating voltages need to be 

reduced to only a few volts.  In many cases, operating voltages for OFETs exceed 10 

V out of the necessity to induce a high number of charge carriers.  The reason that a 

higher gate voltage induces more carriers is due to the production of a higher electric 

field.  The gate voltage is directly proportional to the charge accumulated per unit 

area by Eq. 1.10, where VG is the gate voltage and Ci is the capacitance of the 

dielectric per unit area:[49] 
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These higher voltages need to be applied to the gate in order for OFETs to operate 

properly.  This establishes a major problem: mainly the fact that high operating 

voltages have been required to achieve reasonable mobility.  One avenue that is 

pursued in an attempt to achieve these goals is utilizing a novel polymer electrolyte 

dielectric between gate electrode and organic layer in the OFET.[33,56-58]  This 

technique has been successful as operating voltages are significantly lowered.  

However, an in-depth understanding of the limiting factors in device performance is 

necessary and will be discussed in detail in Chapter 4. 

  

1.4.2  Dielectric materials 

 The main components of the OFET which dictate its performance are the 

organic semiconductor and the dielectric material.  As discussed in the previous 

paragraph, the choice of dielectric plays an influential role in the performance of the 

OFET.  In order for an OFET to operate, charge must build up on each side of the 

dielectric material as explained in the previous section.  Dielectrics therefore are 

insulators and the higher the capacitance of the dielectric material, the lower the 

voltage required to induce charges in the OFET.  Traditional dielectric materials are 

semiconductor oxides, which naturally form on the surface of an inorganic 

semiconductor in atmosphere.  For silicon, the SiO2 layer can be grown at high 
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temperatures in a controlled manner and forms an excellent semiconductor-dielectric 

interface. 

 For the case of OFET devices, the dielectric material is just as important as 

with inorganic transistors, but harder to build because of the flexibility requirement.  

Nanodielectrics, which consist of several layers of highly polarizable molecules have 

been proposed and shown promise.[50-52]  These layers allow “mobile” charges to 

travel up and down the molecular wire structures and thus polarize the dielectric 

medium.  Ion-gel dielectrics have gained much attention recently as well.[53]  These 

consist of an ionic liquid and block copolymer matrix.  The high capacitance (>10 

µF cm-2) and fast switching speeds (~1 ms) make this type of dielectric very 

desirable.  Similar to the ion-gel dielectric is the polymer electrolyte dielectric, 

which consists of mobile ions dissolved in a polymer matrix.  Poly(ethylene oxide) : 

lithium perchlorate (PEO:LiClO4) systems have demonstrated high capacitance in 

OFET devices.[56-58]  Polymer electrolyte dielectrics will be discussed in detail in 

section 1.4.3. 

 

1.4.3  Polymer electrolyte dielectrics 

 In order to achieve the best performance for OFET devices, dielectric materials 

consisting of mobile ions dissolved in a polymer electrolyte matrix[54] are being 

actively developed.[55-59]  This is because the effective capacitance of such dielectric 

layers is 10 µF cm-2, which is 103 times larger than that of conventional dielectrics 

such as semiconductor oxide.  The capacitance (C) is directly related to the charge 

density (Q) and inversely related to the applied voltage (V) by the following equation 
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(Eq. 1.11): 
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C =
Q
V

.                   (1.11) 

 

Therefore, the advantage of having the high capacitance is that the gate voltage 

which operates the device can be much lower than with conventional dielectric 

materials.  For OFET devices which incorporate polymer electrolyte dielectrics, 

fundamental physical questions are raised such as what steps limit how fast the 

device can turn on and off and what is the mechanism for charge injection into the 

semiconductor layer.  The mobility of charge carriers in the semiconductor phase (µ) 

is related to the charge carrier density by Eq. 1.12: 
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where L and W are the channel length and width respectively and ID and VD are the 

current and voltage between source and drain respectively.[30]  A question of interest 

when considering the operation of OFETs gated with high-capacitance polymer 

electrolyte dielectrics is how fast are they able to turn on and off and what limits this 

performance.  This will be discussed in detail in Chapter 4 using LiClO4 ions inside a  

poly(ethylene oxide) matrix as the dielectric material.  P3HT is used as the organic 

semiconductor.  Depending on the different operating voltages, different regimes of 
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device operation are observed.  This is best illustrated by explaining the concepts of 

electrochemical and electrostatic doping in polymer electrolyte gated OFETs. 

 

1.4.4  Electrochemical and electrostatic doping mechanisms 

 Charges can be induced in the organic semiconducting layer by the polymer 

electrolyte dielectric by two different mechanisms.  Because the ions within the 

polymer matrix are mobile, they are free to move not only within the matrix but also 

into the organic semiconductor.  The degree to which the mobile ions penetrate the 

semiconductor-dielectric interface defines the doping mechanism.  When the ions 

penetrate deep within the semiconductor layer, the semiconductor is 

electrochemically doped.  Ions contained mainly at the interface dope the 

semiconductor electrostatically. 

 The distinction between electrostatic and electrochemical doping is a difficult 

one to quantitatively make and is somewhat meaningless anyway.  The distinction 

does become important and less ambiguous when determining the  rate-limiting steps 

in OFET device operation.  Therefore, electrostatic doping is defined as the distinct 

interface between the semiconductor layer and polymer matrix, with mobile ions of 

one polarity accumulating in the polymer matrix and charge carriers of opposite sign 

accumulating on the organic semiconductor side.  Electrostatic doping induces 

charge in only a very thin portion of the organic semiconductor immediately next to 

the dielectric matrix. 

 In contrast, electrochemical doping is the mass transfer of ions into the organic 

semiconductor bulk.  In this case, the entire organic semiconductor sample can be 
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doped.  There are ways to distinguish between electrostatic and electrochemical 

doping mechanisms.  There are distinct spectroscopic signatures associated with 

electrochemical doping.[60,61]  Additionally, the electrochemical mechanism is 

unambiguous at high gate voltages as the total injected charge density is well beyond 

what can be accommodated by a few molecular layers.  In comparison, the 

electrostatic doping mechanism is usually believed to be operative at low gate bias.  

However, the point at which electrostatic doping becomes electrochemical is difficult 

to define.  For example, the simple picture of an electrical double layer may apply 

for OTFTs based on organic single crystals, as the penetration of ions into the 

organic semiconductor is hindered by the close-packed crystal structure.  However, 

roughness and a distribution of structural defects at the surface of a molecular or 

polymer film may permit the diffusion or partial penetration of ions into the first 

layer of the organic semiconductor phase.  This process resembles the 

electrochemical mechanism, but only for the interface region of the organic 

semiconductor (not the entire film).  When considering the operation of OFETs, it is 

most important to think about what is limiting the performance of the device.  Is it 

the diffusion rate of the mobile ions in the electrochemical regime or the actual 

charge carriers in the semiconductor in the electrostatic regime?  These questions 

will be addressed in Chapter 4. 
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Figure 1.1  Schematic of the multiple trapping and release (MTR) model, a model 

for charge transport that is generally accepted for amorphous Si and crystalline 

organic semiconductors.  A delocalized hole in the valance band can become trapped 

in a localized state.  Thermal energy is necessary to release the hole from the 

delocalized state. 

 



 

  29 

 

 

 

 

 

 

 

 

Figure 1.2  Energy absorption in an organic semiconductor leads to the formation of 

an exciton.  After light absoption, an electron is promoted into an excited state, 

leaving behind a positively charged vacancy (hole).  The electron and hole are 

Coumbically bound. 
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Figure 1.3  The steps involved in photogenerated charge carrier collection.  Step 1 is 

exciton formation and step 2 is diffusion of the exciton to a donor acceptor interface.  

Step 3 is exciton dissociation, the splitting of an exciton into free charge carriers.  

This step is most efficient at the interface between donor and acceptor.  Step 4 is 

charge transport and collection at the cathode (holes) or anode (electrons). 
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Figure 1.4  Figure 1.4 shows the chemical structures of P3HT and PCBM. 
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Figure 1.5  Figure 1.5 schematically illustrates the energy offset between P3HT and 

PCBM.  The 0.6 eV offset between the LUMOs of P3HT and PCBM ensures that the 

separation of an exciton will be energetically favorable at the interface. 
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Figure 1.6  Cross section of a typical BHJ solar cell.  The red arrows indicate 

isolated regions of donor and acceptor that cannot contribute to the overall cell 

efficiency. 

 

 



 

  34 

 

 

 

 

 

 

 

 

 

 

Figure 1.7  A schematic representation of an organic field effect transistor.  The 

current from source to drain through the semiconductor is modulated by the gate 

voltage which induces charge carriers into the semiconductor channel.  This is 

accomplished by using a dielectric which will polarize due to the electric field from 

applied gate voltage. 
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Figure 1.8  Cartoon illustrating electrochemical versus electrostatic doping for a 

polymer electrolyte gated OFET.  The electrostatic regime is shown in panel a.  The 

mobile ions of the dielectric material do not penetrate deeply into the semiconductor, 

thus charge carriers are only induced in the first few layers of semiconductor 

material.  Panel b shows the electrochemical doping regime.  Here, the mobile ions 

penetrate deep within the semiconductor and potentially the entire semiconductor 

film may become charged. 
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Chapter 2.  Instrumental Methods 

 

2.1  Fourier Transform Infrared (FTIR) Spectroscopy 

2.1.1  Introduction 

Because the primary goal of this thesis research is to better understand the 

limiting factors in organic electronic device performance and elucidate structure – 

property relationships, Fourier transform infrared spectroscopy (FTIR) is a useful 

tool.  It is used to study model devices which are subjected to operating conditions 

such as applied voltage to examine structural changes to the organic molecules in the 

device.  IR spectroscopy works by probing the vibrational frequencies of chemical 

bonds.  The interaction of the infrared radiation with the matter provides information 

on the structure of the material.  Two atoms bonded together will vibrate as if 

connected by a spring.  The frequency of vibration (v) depends on the reduced mass 

(µ) of the atoms and force constant (k) for the bond, as shown is Eq. 2.1: 
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v =
1

2π
k
µ

                  (2.1) 

 

Absorption of radiation can cause the vibration to jump to a higher frequency or an 

excited vibrational state.  Only discrete frequencies are allowed for the bond, which 

are integer multiples of the ground state energy.  The ground state vibrational energy 

is given by Eq. 2.2: 
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hν ,                  (2.2) 

 

and the higher frequency allowed vibrations by Eq. 2.3: 
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 hν .                 (2.3) 

 

The infrared radiation incident on a sample will be absorbed and the vibrational 

energy of the bond will move to an excited state if the energies of the transition and 

incident radiation match.  The absorbance (A) is related to the concentration of 

absorbents (c) by Beer’s law (Eq. 2.4): 

 

  

€ 

A = εbc ,                  (2.4) 

 

where b is the path length the light travels through the sample and ε is the molar 

absorptivity parameter specific to each absorbent. 

 FTIR has several advantages over conventional or dispersive IR 

spectroscopy.  Importantly, when using FTIR, all of the information at all 

frequencies is collected simultaneously.  When looking at changes in the spectra that 

occur over time, this is an advantage.  Additionally, a gain in the signal-to-noise ratio 

is achieved when using an interferometer.  There is a speed advantage to collecting 

an interferogram and a spectrum in the same amount of time, as a factor of 
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1
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N  
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more time is available for the measurement, resulting in a signal-to-noise advantage 

of the Fellgett factor: 
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Fellgett factor =
1
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N
 

 
 

 

 
 

1/ 2

.[1]                (2.5) 

 

These advantages are achieved because the IR light passes through an 

interferometer and then through the sample.  The output signal is the interferogram, 

and the traditional spectrum can be generated by performing a Fourier transform on 

the output.  The interferometer is designed to split a single coherent beam of IR light 

into two beams which travel different and varying lengths.  The beams then 

recombine to form an alternating interference pattern on the detector.  The 

interferogram shows alternating regions of constructive and destructive interference, 

because the two beams either travel varying distances or pass though different 

optical media.  Whether or not the beams interfere constructively or destructively 

depends on the multiple of the wavelength of the light.  Integer multiples result in 

constructive interference while half-integer multiples result in destructive 

interference.  The schematic setup of an interferometer is shown in Fig. 2.1.  The 

coherent beam from the source passes through a mirror which allows 50% of the 

light to pass through and reflects 50% at an angle.  The integer wavelengths are 

created by holding one of the mirrors fixed and moving the other so as to create the 

interference pattern.  The light then passes to a detector. 
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The detector used for study of the OPV and OFET systems was a Mercury 

(Hg) Cadmium (Cd) Telluride (Te) (MCT) detector.  The MCT detector is a 

photodetector and allows for frequency detection in the mid-IR region of the 

electromagnetic spectrum, due to the bandgap of CdTe which is 1.5 eV.  HgTe has a 

bandgap of nearly 0, which allows for IR detection from approximately 500 cm-1 to 

5000 cm-1.  This range encompasses the vibrational frequencies encountered when 

studying organic semiconducting materials.  C=O and C=C vibrations will be used as 

reporter groups and have approximate vibrational frequencies of 1740 cm-1 and 1610 

cm-1 respectively. 

 

2.1.2  Attenuated total internal reflection FTIR (ATR-FTIR) 

The most interesting aspects to examine regarding the structure – property 

relationship are the buried interfaces.  In OPVs, the interfaces are between the donor 

and acceptor while in OFETs the interface is between the semiconductor and 

dielectric.  When examining these buried interfaces, standard vibrational 

spectroscopic techniques such as transmittance spectroscopy cannot be used due to 

the large absorbance cross section of the metal electrodes.  It is necessary to employ 

a form of vibrational spectroscopy called attenuated total internal reflection (ATR) 

FTIR.  This allows for the structural examination of buried interfaces with high 

spectral resolution.  Electrodes which are necessary for simulating the operating 

conditions of organic electronic devices can also be incorporated into the devices 

without interfering with the IR signal.  This technique has been successfully 

demonstrated by Jun et al.[2] 
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ATR behaves according to the law of refraction, also called Snell’s law, given 

in Eq. 2.6: 

 

    

€ 

n1 sinθ1 = n2 sinθ2 ,                 (2.6) 

 

where n1 and n2 refer to the indices of refraction for materials 1 and 2, and θ refers to 

the angle of the incident light with respect to normal.  Fig. 2.2 illustrates the law of 

refraction.  It is applied to the experiment by guiding the IR beam through a silicon 

or germanium waveguide at an angle of incidence θ = 45˚.  Because the angle of 

incidence exceeds the critical angle as defined by Eq. 2.7, the beam passing through 

the waveguide cannot escape and is totally internally reflected.[1] 
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sinθ =
n2

n1

                  (2.7) 

 

The wave travels from a denser medium (germanium; n1 = 4.02) to a less dense 

medium (organic material; n2 (polystyrene) = 1.55) and is refracted further from the 

surface normal.[1]  Thus, the IR beam is guided through the waveguide and passed to 

a detector.  The sample on top of the waveguide is probed by an evanescent wave 

which is generated at each bounce within the waveguide.  The physical explanation 

for the generation of the evanescent wave is that even though the light is totally 

internally reflected, the electric and magnetic fields cannot be discontinuous at the 

boundary between the different optical materials.  As a result, an evanescent standing 
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optical wave propagates normal to the interface in the less dense medium and decays 

exponentially with distance from the interface.  The schematic ATR-FTIR setup is 

shown in Fig. 2.3.  The depth of penetration (d) of the evanescent wave can be 

calculated using Eq. 2.8: 

 

    

€ 

d =
λ

2πn1 sin2θ − (n2 / n1)2
.                (2.8) 

 

For example, at 1500 cm-1, using the refractive indices given on page 45 and an 

incident angle θ = 45˚, the penetration depth of the evanescent wave from the 

interface is approximately d = 1.1 µm. 

 

2.1.3  Vibrational Stark effect spectroscopy 

 In order to understand changes in interfacial conditions upon mixing two 

materials, vibrational Stark effect spectroscopy is a valuable tool.  Using this 

technique, electric field can be related to shifts in vibrational frequency.  This type of 

spectroscopy has been used to study interfacial electric fields in the protein 

community[3,4] and was recently applied to organic – organic interfaces.[5,6]  Fig. 2.4 

shows the anharmonic oscillator potential energy curve along with the ground state 

vibrational energy and excited vibrational states.  The example spectra shown are the 

carbonyl stretch of PCBM.  With no external electric field, an absorption of energy 

to excite the C=O to the next highest vibrational state results in the black trace, 

centered about 1736.5 cm-1.  With applied electric field, the ground state and excited 
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state vibrational energy levels are shifted, but by different amounts.  This is the result 

of Eq. 2.8: 

 

    

€ 

H = H0 −µF ,                    (2.8) 

 

where H is the field-dependent Hamiltonian, H0 is the unperturbed Hamiltonian, µ is 

the Stark tuning rate and F is the electric field.  As a result, subsequent energy 

absorption will cause a blue shift in the spectrum, as illustrated by the blue trace in 

panel b of Fig. 2.4. 

 The shift in frequency (Δν) is related to the electric field (F) by Eq. 2.9: 

 

    

€ 

Δν = −Δµ ⋅ F −
1
2

F ⋅ Δα ⋅ F .                  (2.9) 

 

The factor Δµ is called the Stark tuning rate, which is the quantity to relate frequency 

shift to electric field.  This number is specific to each vibration and is found in the 

literature for a variety of functional groups.  The second order Stark tuning rate 

(change in dipole polarizability) is Δα.   

 

2.2  Atomic force microscopy (AFM) 

 The structural measurements described above are complimented with the 

topographic imaging technique atomic force microscopy (AFM).  The scanning 

probe tip rasters across the sample surface and mechanical forces between the tip and 
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sample are converted into a topographic image.  The AFM consists of a sharp tip (the 

radius of curvature is typically on the order of 10 nm) connected to a silicon nitride 

cantilever with a known spring constant (k = 10-100 N/m).  When the tip is brought 

into close proximity to the sample surface, forces cause the tip to move and as a 

result the cantilever will twist.  The AFM is able to measure electrostatic 

interactions, van der Walls forces and capillary forces.  The cantilever motion is 

detected by bouncing laser light of the cantilever onto a four quadrant photodetector.  

The photodetector is able to interpret the motion of the cantilever and send the signal 

to the AFM software which will form a topographic image of the sample surface.  

An electronic feedback mechanism is employed in order to maintain a constant force 

between the sample and tip.  The two main types of imaging modes are contact mode 

and tapping (non-contact) mode.  Contact mode takes a measurement by sliding the 

tip across the surface.  Tapping mode is exclusively used in this thesis work to 

examine soft polymer/small molecule samples.  Tapping mode works by 

intermittently making contact with the surface and is much less destructive than 

contact mode because shear forces are eliminated.  This is why it is usually chose to 

measure soft surfaces like organic materials.  The cantilever is driven to oscillate 

near its resonant frequency and the forces between the tip and sample cause 

perturbation to the cantilever oscillation.  The tip / cantilever are raster scanned 

across the surface and a topographic image is recorded. 

 

2.3  Profilometry and ellipsometry 

 Profilometry is a similar to AFM in that a scanning probe is moved over a 
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surface and measures changes in topography.  The tip used in a profilometer usually 

has a much large radius of curvature than the AFM tip.  Therefore, spatial resolution 

is limited compared to the AFM, but vertical resolution can easily be determined.  

Profilometry was used to determine the thicknesses of spun polymer films on glass, 

silicon or germanium substrates by looking at the step height from bare substrate to 

organic material. 

 Ellipsometry is a non-destructive technique that is used to measure film 

thickness and optical properties.  It measures changes in polarization of incident light 

upon reflection off or transmission through a sample.  In this work, light was 

reflected off the sample surface to determine the thickness of the organic layer 

deposited on the waveguide. 
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Figure 2.1  Schematic illustration of the interferometer.  The interferometer is 

designed to split a single coherent beam of IR light into two beams which travel 

different and varying lengths.  The beams then recombine to form alternating 

interference pattern on the detector.  The interferogram shows alternating regions of 

constructive and destructive interference, because the 2 beams travel varying 

distances due to the moving mirror. 
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Figure 2.2  Schematic illustration of the law of refraction, also called Snell’s law.  n1 

and n2 refer to the indices of refraction for materials 1 and 2, and θ refers to the angle 

of the incident light with respect to normal.  See Figure 2.3 for an illustration 

showing how this law is applied to the experimental work. 
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Figure 2.3  Schematic of the ATR-FTIR setup.  The IR beam passing through the 

silicon or germanium waveguide will be totally internally reflected and an 

evanescent wave will form at each bounce.  The evanescent wave, which is 

perpendicular to the interface and extends approximately 1 µm from the interface, is 

used to probe the sample. 
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a b  

 

 

 

 

 

 

Figure 2.4  An illustration of the vibrational Stark effect.  Panel a shows the 

anharmonic oscillator potential energy curve along with the ground state vibrational 

energy and excited vibrational states.  The example spectra shown are the carbonyl 

stretch of PCBM.  With no external electric field, an absorption of energy to excite 

the C=O to the next highest vibrational state results in the black trace, centered about 

1736.5 cm-1.  With applied electric field, the ground state and excited state 

vibrational energy levels are shifted, but by different amounts.  As a result, 

subsequent energy absorption will cause a blue shift in the spectrum, as illustrated by 

the blue trace in panel b.  If the angle between the incident radiation (ζ) and the 

bond’s dipole moment (m) ≠ 0, a scaling factor must be used to determine the correct 

value for the electric field. 
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Chapter 3.  Electric fields at donor acceptor interfaces in PCBM/polymer bulk 

heterojunction solar cells and bilayer solar cell devices 

 

3.1  Introduction 

 Bulk-heterojunction (BHJ) solar sells incorporating blends of electron donor 

polymers and electron accepting small molecules have the highest efficiency for 

organic excitonic photovoltaic devices.[1,2]  While organic solar cells are inefficient 

compared to their inorganic counterparts, organic photovoltaics (OPVs) have 

potential advantages such as manufacture by roll-to-roll processing and the ability 

for assembly on flexible, inexpensive substrates.  OPV devices are therefore 

promising candidates for solar energy conversion.  However, the efficiency of the 

organic devices must improve to render the field an effective alternative to current 

energy solutions.  BHJ solar cells are inherently excitonic, which means there are 

several key steps where efficiency must be maximized.  When the steps are broken 

down into their individual efficiencies, the result is Eq. 3.1, which is the definition of 

external quantum efficiency (ηEQE); 

 

  

€ 

ηEQE =ηAηIQE =ηAηEDηCTηCC .               (3.1) 

 

ηA is the efficiency of photon absorption leading to exciton generation, and the 

internal quantum efficiency (ηIQE) is defined as the ratio of charge carriers collected 

to the number of photons absorbed; it is the product of the efficiencies of exciton 

diffusion, charge transfer, and charge carrier collection, respectively.  The charge 
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transfer step is the dissociation of an exciton into free charge carriers, where the 

attractive Coulombic potential between electron and hole must be overcome.  This 

exciton binding energy is estimated to be on the order of 0.4 – 0.5 eV.[3]  Therefore, 

the free energy difference between the lowest unoccupied molecular orbital (LUMO) 

levels of the donor and acceptor should be approximately the same magnitude as the 

exciton binding energy for optimal solar cell efficiency.  The theoretical energy 

difference between LUMO levels for P3HT and PCBM is 1.0 eV, and considerable 

research is underway to tune the bandgaps of acceptor materials in order to achieve 

maximum efficiency at the charge transfer step.  This work examines how 

morphology and interfacial energetics affect the efficiency of exciton dissociation. 

Blends incorporating poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61 

butyric acid methyl ester (PCBM) have been shown to make OPV devices with the 

highest quantum efficiencies.[4-6]  Part of the reason for this is that P3HT is highly 

regioregular and forms a very ordered structure.  When PCBM and P3HT are 

blended, an electron is transferred from P3HT to PCBM.  A vacuum level shift of 0.6 

eV with respect to P3HT has been measured at the P3HT C60 interface,[7] and this 

number will be adopted for the vacuum level offset between P3HT and PCBM.  The 

vacuum level refers to the energy at which an electron is no longer bound to the 

solid; above the vacuum level an electron is free.  It is used as a reference to define 

ionization energy and electron affinity.  For a donor – acceptor blend, charge transfer 

dictates the interfacial energy level alignment and as a result, an offset between the 

vacuum levels of the two phases occurs.  This energy level offset results in an 
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interfacial dipole pointing from donor to acceptor (positive to negative).  Fig. 3.1 

illustrates the vacuum level shift. 

Additionally, bilayer devices made from the thermal deposition of small 

molecules were investigated.  Work by Vázquez et al. has predicted the strength of 

the interfacial dipole for small molecule interfaces.[30-33]  In small molecule organic 

solar cells as well as in BHJ solar cells, the role the interfacial electric field plays in 

device performance remains an open question.  Arkhipov et al. suggested this dipole 

makes exciton dissociation more efficient by preventing geminate pair recombination 

at the donor-acceptor interface.[8]  It has also been suggested that the main cause of 

efficiency loss in excitonic solar cells is geminate pair recombination.[9]  The binding 

energy of such geminate electron hole pairs across the interface has been reported to 

be approximately 0.3 eV.[10]  Intuitively however, one would expect the electric field 

associated with the dipole to hinder the dissociation of an exciton due to electrostatic 

repulsion encountered by the hole and electron in the donor and acceptor materials 

respectively.  The electric field points from positive to negative by definition and 

therefore its direction is from donor to acceptor.  These ideas raise an important 

fundamental question relevant to the donor-acceptor interfaces in organic solar cells: 

what role, if any, does the interfacial electric field play in exciton dissociation and 

the overall quantum efficiency? 

 

3.2  Experimental 

The vibrational Stark effect becomes an important tool for the examination of 

the interfacial electric field.  The carbonyl group of PCBM is an excellent reporter 
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for IR spectroscopy.  Vibrational frequency shifts for functional groups in the 

presence of electric field have been attributed to the vibrational Stark effect for some 

time[11-13], most recently in work done by Pensack et al. for the PCBM/CN-MEH-

PPV system.[14]  For the BHJ device experiments, model devices were constructed 

using PCBM blended with choice donor polymers to simulate the active layer in BHJ 

devices.  These blends were spun on top of a waveguide for study using multiple 

internal reflection Fourier transform IR (MIR-FTIR) spectroscopy.  Fig. 3.2 shows 

the geometry of the model OPV device and the carbonyl signature of neat PCBM.  

The C=O stretching frequency for a neat film of PCBM is ν = 1736.5 cm-1. 

 Several donor polymers were chosen for study for this work.  P3HT is the 

standard material due to its high solubility, high hole mobility, and benchmark 

performance in organic devices.  Other donor polymers such as poly(9,9′-

dioctylfluorene-co-bis-N,N′-(4-butylphenyl)-bis-N,N′-phenyl-1,4-phenyldiamine) 

(PFB) and poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-

PPV) were included as well due to recent studies.[9,15]  Importantly, the donor 

polymer poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8) was included because it has been 

shown to have no vacuum level offset with respect to C60 since electron transfer from 

donor to acceptor for this system requires additional energy input.[7]  Therefore, no 

interfacial dipole is expected to form for this system, and no Stark shift should be 

observed. 

 To fabricate model small molecule bilayer devices, molecules were thermally 

evaporated onto a germanium waveguide in high vacuum (10-7 Torr) at a rate of 1 Å 

s-1.  The edges of Ge waveguides were previously polished to 45˚ angles for use in 
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our MIR-ATR setup.  3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) was 

deposited along with the following small molecules: copper phthalocyanine (CuPc), 

4,4’-N,N’-dicarbazolyl-biphenyl (CBP), N,N′-bis-(1-naphthyl)-N,N′-diphenyl1-1,1-

biphenyl1-4,4′-diamine (α-NPD), tris-(8-hydroxyquinoline) aluminum (Alq3) and  

bathocuproine (BCP). 

PCBM was used as received from Aldrich and dissolved in 1,2-

dichlorobenzene to a concentration of 20 mg mL-1.  P3HT (Mn = 19 kD, Mn = 43 kD, 

Mn = 76 kD) was used as received from Reike Metals and dissolved in 1,2-

dichlorobenzene (20 mg mL-1).  Solutions were mixed and spin coated onto 

germanium substrates at 600 rpm.  Neat PCBM was also spun at 600 rpm.  Solutions 

of PFB, MEH-PPV, and F8 were 20 mg mL-1 in 1,2-dichlorobenzene.  Mixing of 

solutions, spin coating, and FTIR were all performed in an N2 glovebox with [O2] < 

1 ppm.  Thicknesses of blends were measured to be ~70 nm using ellipsometry (J. A. 

Wollam Co., Inc.) and profilometry (Tencor P-10). 

PCBM and PCBM/P3HT blends were solvent annealed in 1,2-

dichlorobenzene (Aldrich) vapor.  The blends were removed from solvent anneal and 

IR spectra were recorded at certain time intervals.  PCBM, PCBM/P3HT, 

PCBM/PFB, and PCBM/MEH-PPV were thermally annealed in a dry box at a 

temperature of 100˚C.  The blends were removed at certain time intervals and spectra 

were recorded. 

 All spectroscopic measurements were performed on a Nicolet 6700 FTIR 

spectrometer.  The IR beam was passed through a potassium bromide (KBr) window 

into a glove box and was focused by a concave mirror (f = 15 cm) into the 
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germanium waveguide.  The exiting IR light was re-collimated and focused into a 

liquid nitrogen cooled Mercury Cadmium Telluride (MCT) infrared detector.  AFM 

images were taken using tapping mode imaging with a Veeco Multimode V AFM 

under standard atmospheric conditions. The cantilever was driven off resonance to 

stabilize imaging with net repulsive force interactions.  Both topography and phase 

images were collected to analyze contrasting material properties.  The cantilever 

material was silicon nitride. 

 

3.3  Results and discussion 

3.3.1  Vibrational Stark shift in model BHJ devices 

 When PCBM is blended in a 1:1 ratio with donor polymer, a blue shift of 2.5 

cm-1 is observed for PCBM blended with P3HT, PFB, and MEH-PPV.  The notable 

exception is the F8/PCBM blend, which shows no shift with respect to neat PCBM.  

The data are shown in panel b of Fig. 3.3, and the amount of shift can be converted 

into a value for the interfacial electric field using the Stark tuning rate of 1 cm-1 (108 

V m-1)-1.  This value was measured previously for acetone and methyl vinyl 

ketone.[16]  The observed frequency shift gives an interfacial electric field of 0.25 V 

nm-1 for the PCBM/polymer systems (excluding F8).  Recently, the critical electric 

field required to prevent 50% of geminate pair recombination was determined to be 

between 10-3 V nm-1 and 10-1 V nm-1 for varying blends.[9]  Therefore as spun the 

blends tested here have electric fields above the critical field value.  However, as 

spun blends have poor efficiency compared to annealed blends, suggesting higher 

interfacial electric fields have a negative impact on efficiency.  No frequency shift is 
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observed for the F8/PCBM system, which means no interfacial electric field due to 

dipole formation is present at this interface.  This result was earlier obtained by 

Osikowicz et al. for the similar C60/F8 interface.[7]  The authors suggest integral 

charge transfer as the mechanism for dipole formation, as partial charge transfer 

would be unlikely to result in such a large interfacial field.[7]  Using the simple 

model of a spherical capacitor with radius 1 nm and taking our measured interfacial 

electric field of 0.25 V nm-1, the areal charge density was calculated to be 7.2E-4 C 

m-2.  Using r = 5 nm for a typical domain size,[17] the number of charges per domain 

is estimated to be ca. 1.4, supporting integral rather than partial charge transfer.  The 

fact that in these data the entire carbonyl peak shifts and no broadening effect is 

present has been attributed to preferential alignment of molecules at the interface.[14] 

 

3.3.2  Annealing decreases interfacial electric field 

 As spun blends are inefficient, and the effect of annealing the blends on 

device performance has been carefully studied, elucidating the most effective 

thermal annealing temperatures and times for certain donor polymers blended with 

PCBM.[17-19]  In this work, samples of neat PCBM and PCBM/polymer blends were 

annealed in 1,2-dichlorobenzene vapor.  Neat PCBM was solvent annealed for 1020 

min, which led to the formation of a sharp, red-shifted peak at ν = 1730 cm-1 and a 

decrease in intensity of the neutral (ν = 1736.5 cm-1) frequency.  The ν = 1730 cm-1 

peak is attributed to the formation of crystalline regions in the PCBM film upon 

annealing.  The spectra of as-spun and annealed neat PCBM films are shown in Fig. 

3.4.  The fact that such a large effect on the carbonyl stretching frequency is 
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observed is at first surprising, because one would expect the negative charge density 

to be located almost entirely on the C60 and conjugation between C=O and C60 

through the carbon tail would be unlikely.  Rather, the red shift of the carbonyl 

stretch is due to charge transfer from electron rich portions of PCBM (the C60) to the 

C=O on the PCBM tail through space.   

PCBM crystallites have been previously observed upon solvent 

annealing,[20,21] and increased electron mobility and lifetime in the crystallites were 

demonstrated.[20]  This implies that the result of annealing PCBM domains is more 

densely packed and ordered PCBM molecules.  This situation allows for partial inter- 

or intra-molecular electron transfer through space.  The sharpness of the red shifted 

portion of the carbonyl peak is in accord with this argument, because fewer 

conformations for the molecule would be favored in crystallites after annealing.  The 

portion of the carbonyl peak which is not shifted is the result of amorphous PCBM in 

the blend. 

 In terms of morphology, the main effect of annealing PCBM/polymer blends 

comes from structural reorganization and ordering of the polymer phase with respect 

to the small molecule phase.[22,23]  Here we suggest that polymer phase morphology, 

and more importantly, hole mobility on the polymer phase plays a crucial role in the 

strength of the interfacial electric field.  First, we performed time-dependent 

annealing experiments on 1:1 blends of P3HT/PCBM systems with different P3HT 

molecular weights (Mn = 19 kD, Mn = 43 kD, Mn = 76 kD), referred to hereafter as 

low, mid, and high molecular weight.  We observe a correlation between the amount 

of interfacial field loss and molecular weight of P3HT.  This is visualized through 
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the change in vibrational Stark shift in Fig. 3.5, which shows IR spectra of 

P3HT/PCBM blends of low, mid, and high molecular weight P3HT as a function of 

annealing time.  The crystalline phase of PCBM becomes present in the spectra at 

about 150 min annealing time, and its ratio relative to amorphous phase PCBM 

increases with annealing time.  The data were fit using two Gaussian peaks to 

determine the position of the amorphous PCBM peak, and it was found that with 

increased annealing, the position of the amorphous peak changes.  This effect is due 

to loss of the interfacial electric field with annealing.  The extent to which the field is 

removed is a direct result of the extent of delocalization of the separated hole and 

electron.  The interfacial electric field is removed more slowly for the high molecular 

weight P3HT/PCBM blends than for the lower molecular weight blends because it 

takes a longer time in solvent anneal to form ordered polymer domains with 

increasing molecular weight.  Upon the formation of ordered domains, the extent of 

delocalization of the hole in the polymer phase increases.  It has been suggested that 

higher annealing temperatures and longer annealing times are necessary to improve 

device performance with higher molecular weight P3HT.[24,25]  Indeed, additional 

annealing (>2 days) of high molecular weight blends produced a shift back to neutral 

position of the amorphous PCBM C=O peak.  As Fig. 3.5 shows, the ratio of 

crystalline to amorphous PCBM remains relatively constant regardless of P3HT 

molecular weight.  Therefore, the crystallinity of the small molecule phases are 

similar.  It should be noted that thermal annealing P3HT/PCBM blends produced the 

same results as solvent annealing.  Because the strength of the electric field should 

not change with different molecular weight P3HT (due to similar charge carrier 
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mobilities measured for the different molecular weights),[24] and only an annealing 

time dependence was shown above, it becomes clear that the driving force for 

reduction of the interfacial electric field is a function of hole mobility in the polymer 

phase. 

In addition to P3HT, donor polymers PFB and MEH-PPV were mixed with 

PCBM in a 1:1 ratio.  As spun, Stark shifts of 2.5 cm-1 with respect to neat PCBM 

are observed as shown in Fig. 3.6.  Differences arising from thermally annealing the 

blends can be attributed to different hole mobilities in the polymer phases.  Similar 

results to the P3HT/PCBM systems are observed here as the crystalline phase of 

PCBM increases with annealing time for both PFB and MEH-PPV blends.  

However, for the PFB/PCBM system, after a thermal anneal time of 1035 minutes, 

the C=O of the amorphous PCBM has shifted back to the neat position.  This is not 

the case for the MEH-PPV/PCBM blend, as after 1035 minutes of thermal anneal the 

Stark shift has only changed 1 cm-1.  Comparing the hole mobilities for the two 

polymers, a dependence on hole mobility was discovered.  Hole mobility for PFB 

was previously determined experimentally by time of flight measurement to be 10-3 – 

10-4 cm2 V-1 s-1.[26]  This mobility is of similar magnitude to the hole mobility in low 

molecular weight P3HT/PCBM blends.  The high hole mobility leads to movement 

of the charge throughout the bulk of the donor phase (away from the interface) and a 

subsequent decrease in the interfacial electric field.  Hole mobility for MEH-PPV is 

lower than that for all molecular weight P3HT samples and PFB.  The value was 

measured to be 10-7 cm2 V-1 s-1,[27] and the electric field remains after annealing.  

These results strongly support the notion that the ability of the hole in the polymer 
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phase to move away from the interface is the biggest factor in determining the 

interfacial electric field in annealed devices. 

This concept is illustrated schematically in Fig. 3.7.  Panel a shows the 

HOMO, LUMO, and vacuum levels for a donor and acceptor material.  When the 

two materials are mixed (panel b), negative charge transfer (integral) from donor to 

acceptor will occur until the charge transfer states of PCBM and polymer have equal 

energies.[7]  Dipole formation therefore occurs.  This dipole is the direct result of the 

transferred charge’s inability to move away from the interface.  The extent of 

crystallinity and mobility of the charge carrier for both the polymer and small 

molecule phases will determine the strength of the dipole and resulting electric field.  

Morphology of P3HT/PCBM films will be further discussed below.  Annealing 

allows for further delocalization of the charges within crystalline domains and 

therefore a reduction in the interfacial field, which is schematically shown in Fig. 3.7 

panel c.  This reduction is directly related to the hole mobility in crystalline domains 

of the polymer phase.  It is also a result of how well charge can move between 

neighboring domains.  When the mobility of the hole is low (MEH-PPV), the 

geminate pair is more tightly bound to the interface as shown in panel d.  In these 

cases, because the charges remain close to the interface, the interfacial electric field 

is present even after annealing.  The geminate pair in this case will likely remain 

separated because of the high energetic barrier created by the electric field at the 

interface.  While the field is in the direction prohibiting charge separation from an 

energetic point of view, it also prevents recombination once the charges are 

separated. 
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This electric field also hinders the dissociation of excitons into separate 

charge carriers due to its orientation.  Positively charged carriers are bound in the 

donor material (and negatively charged carriers in the acceptor) near the interface, 

which will repel like charges and make exciton dissociation unfavorable.  

Delocalization of the charges in the high mobility cases upon annealing means the 

electric field decreases, but the Coulombic attraction between geminate pairs also 

decreases due to greater average distance between the carriers.  This is the reason 

that in an actual device, charge transfer efficiency improves with annealing. 

The morphology of the donor polymer also affects device performance 

through change in exciton binding energy.  Calculations of exciton binding energies 

for 1D (e.g. as spun) and 3D (e.g. annealed) singlet excitons in the  polymer phase 

show great reduction (in most cases) of the exciton binding in the 3D case versus the 

1D case.[28]  For polythiophene, the calculations by Shi et al. show that exciton 

binding energy decreases from 1.85 eV in the 1D case to ~0.4 eV in the 3D case.[27]  

Poly(acetylene) shows a similar effect.  However, the calculations show very small 

change in exciton binding energy from 1D to 3D for PPV.  In the presence of 

interfacial electric field, a tightly bound exciton will not be able to separate and 

likely recombine.  In the same situation, an exciton with high 3D delocalization and 

low binding energy will likely separate, further decreasing the field.  These 

calculations show just how important morphology is in determining device 

efficiency. 
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3.3.3  Relation of film morphology to the interfacial electric field 

We examined the morphology of our P3HT/PCBM blends before and after 

annealing using AFM.  Phase images of as spun low and high molecular weight 

blends show wormy features throughout both images (Fig. 3.8).  For the high 

molecular weight blends, annealing causes significant morphology change.  The 

height image (Fig. 3.8c) shows that the roughness increases by an order of 

magnitude, and the phase image shows clump like features rather than wormy 

features.  This affect is due to ordering of the P3HT and crystallization of the PCBM 

clusters.  The high molecular weight P3HT forms large crystalline domains and 

squeezes PCBM domains toward the surface.[22]  The result is the clumps on worms 

motif imaged in Fig. 3.8b and illustrated in Fig. 3.8g.  The morphology of annealed 

low molecular weight P3HT/PCBM blends is quite different as shown in Fig. 3.8e.  

The high image shows the same change in surface roughness observed for the high 

molecular weight blend, but the phase image lacks the features of the clumps on 

worms motif.  It was recently concluded that PCBM and P3HT are well mixed upon 

annealing.[29]  For the low molecular weight case, no clumping is observed due to 

smaller crystalline P3HT islands as illustrated in Fig. 3.8h.  The ease of 

crystallization of the P3HT phase in the P3HT/PCBM blends is illustrated by the 

morphology measurements which directly correspond to the FTIR data shown in the 

previous section. 

 

3.3.4  Model bilayer OPVs made from small molecules 

 Not only has the vibrational Stark effect been used to study electric fields in 
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BHJ OPV devices, but it could also be useful to study bilayer OPVs made from 

small molecules.  Vázquez et al. have predicted the magnitude of the interfacial 

dipole formed between two organic small molecules with accuracy based on the 

charge neutrality level theory.[30-33]  A similar suggestion (integer charge transfer) 

has also been proposed to explain the formation of the interfacial dipole.[7,34-36]  The 

ideas are very different however, in the assumed interaction strengths at the 

interfaces.  Integer charge transfer assumes Van der Walls type bonding and 

electronic coupling via tunneling.[7]  Therefore, a much stronger interaction between 

the two organic semiconductors is assumed.  Photoelectron studies by Osikowicz et 

al. have shown similar results for the interfacial dipole between C60 and P3HT, with 

the negative pole residing on the C60 phase.[7]  The work in this section further 

explores the interfacial dipole using small molecule organic photovoltaic materials.  

This section presents preliminary data and serves as a starting point for using the 

vibrational Stark effect at organic small molecule interfaces. 

 The small molecule PTCDA was chosen for this research due to its good 

carbonyl reporter groups.  The molecule is pictured in Fig. 3.9.  As with PCBM, the 

carbonyl stretch frequencies of PTCDA will shift due to the vibrational Stark effect 

upon charge transfer at the organic – organic interface.  The situation with PTCDA is 

slightly more complicated however, as there are four distinct vibrational frequencies 

corresponding to carbonyl stretches.  The reason is symmetric and asymmetric 

stretches split into doublets.[37]  PTCDA includes a symmetric and asymmetric C=O 

stretch.  Additionally, the solid state effect known as Davydov splitting causes the 

doublet to split again.  Davydov splitting is the result of adjacent molecules in the 
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unit cell having different orientations, resulting in each molecular vibration splitting 

into a doublet.  This has been observed in pentacene molecular crystals.[38]  The 

carbonyl stretches of PTCDA have been described by Tautz et al.[39]  The four 

carbonyl stretches are shown in Fig. 3.10. 

 Bilayer devices were fabricated on top of germanium waveguides using 

PTCDA and a variety of other small molecules as illustrated in Fig. 3.11.  The small 

molecule layers were deposited using thermal vapor deposition in high vacuum.  The 

layer thicknesses were 5 nm.  PTCDA bilayer devices were made using CuPc, CBP, 

α-NPD, Alq3 and BCP.  Multiple bilayers were formed in order to increase the 

signal-to-noise ratio.  Upon bilayer formation, a shift in the position of the symmetric 

PTCDA carbonyl stretch is observed.  Following the previous interpretation, the blue 

shift is due to an interfacial electric field.  With respect to the carbonyl stretch of the 

neat PTCDA film, shifts of the bilayer devices are given in Table 3.1.  Figure 3.12 

shows the spectra corresponding to the values in Table 3.1.  These data show that 

there exists a vibrational frequency shift after bilayer formation.  However, it is 

unclear whether the shift is due to the Stark shift caused by an electric field between 

the PTCDA and small molecule interface, or a structural change upon bilayer 

deposition.  Predicted and/or measured dipoles could validate the observed shifts, as 

would calculations for the carbonyl peak positions for charge PTCDA.  The data 

shown in Fig. 3.12 and Table 3.1 do not follow predicted dipole trends,[32] so it is 

possible that a structural change is responsible for the vibrational frequency shifts.  

More controlled growth conditions will be required to further study small molecule 

interfaces. 
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3.4  Conclusions 

In this work we measured the intrinsic electric field at donor acceptor 

interfaces based on the Stark effect on the C=O stretch vibrational peak of the PCBM 

molecule.  It was found that upon mixing PCBM with a donor polymer, a field of 

0.25 V nm-1 is present at the interfaces of PCBM with P3HT, PFB, and MEH-PPV.  

The field is due to electron transfer from donor to acceptor.  No interfacial field 

exists for F8/PCBM blends, because charge transfer is an uphill process for this 

system.  Thermal and solvent annealing of PCBM/polymer blends leads to ordering 

of both PCBM and polymer domains, as evidenced by FTIR and AFM.  Depending 

on the mobility of the hole in the polymer phase, the interfacial electric field changes 

upon annealing. 

The interfacial field is important as it serves two purposes.  First, it prevents 

geminate pair recombination at the donor acceptor interface.  This is the case 

because the interfacial dipole is larger than the Coulombic attraction between a 

geminate electron – hole pair.  With annealing, the strength of the interfacial field 

decreases, making geminate pair recombination more likely.  Second, the interfacial 

electric field is aligned so as to oppose exciton dissociation.  Annealing 

PCBM/polymer blends removes the interfacial electric field to promote exciton 

dissociation.  More charge carrier dissociation will occur with decreased interfacial 

electric field, but geminate pair recombination also becomes more likely.  This work 

shows the importance of annealing PCBM/polymer blends not only from a 

morphological standpoint, but also from an energetic standpoint.  For the formation 

of excitonic solar cell devices with the highest efficiencies, the optimal interfacial 
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energetics can be obtained through the extent of annealing.  Finally, the mobility of 

the hole in the polymer phase should be taken into account as it affects magnitude of 

the interfacial electric field. 



 

  72 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  Vacuum level shift for a C60 – P3HT blend.  The vacuum level refers to 

the energy level at which an electron is free from the solid.  It also serves to define 

the molecule’s electron affinity (EA) and ionization potential (IP). 
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Figure 3.2  Geometry of model OPV device and carbonyl stretch.  PCBM/polymer 

blend bulk heterojunction solar cells are modeled on top of an infrared waveguide as 

shown in panel a.  Only the donor and acceptor blend is included in the model 

device.  Panel b shows PCBM vibrational modes in the near IR region, with a zoom 

in of the carbonyl stretch at 1736.5 cm-1. 
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Figure 3.3  Structures of donor polymers and vibrational Stark shifts of BHJ blends.  

The various donor polymers examined with PCBM in this study are shown in panel 

a.  As spun, PCBM blended with P3HT, PFB, and MEH-PPV exhibit a blue shift of 

the PCBM carbonyl of 2.5 cm-1 attributed the vibrational Stark effect due to the 

interfacial electric field.  This is shown in panel b.  The PCBM/F8 system shows no 

shift with respect to neat PCBM. 
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Figure 3.4  Annealing neat films of PCBM coincides with the growth of a peak at 

1730 cm-1.  Ordering of PCBM with annealing causes both a red shift and narrowing 

of the carbonyl stretch.  These effects are attributed to charge transfer through space 

from the electronegative C60 molecules to nearest carbonyl groups. 
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Figure 3.5  The vibrational Stark shift of the C=O PCBM stretch disappears with 

annealing time for P3HT/PCBM blends.  For low molecular and mid weight 

P3HT/PCBM blends, the carbonyl stretch returns to its neutral position.  For high 

molecular weight P3HT/PCBM blends, the vibrational Stark shift decreases with 

time, but at a slower rate. 
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Figure 3.6  Annealing low molecular weight P3HT mixed with polymers MEH-PPV 

and PFB has different effects.  The interfacial field diminishes with annealing time 

for PFB blends, but remains with MEH-PPV blends. 
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Figure 3.7  Initially, negative charge is transferred from donor to acceptor due to 

thermodynamic driving force.  In as-spun blends, the charge is localized and the 

dipole creates an interfacial electric field.  As the blends are annealed, the transferred 

charges delocalize; the extent of delocalization depends on the charge carrier 

mobility in the donor and acceptor phases.  Panel c shows a hole and electron in an 

annealed blend.  Since the charges are highly delocalized, the interfacial field is 

reduced.  In panel d, the electron is delocalized but the hole remains localized in the 

polymer, so the interfacial field remains as the geminate pair is Coulombically 

bound. 
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Figure 3.8  Phase images and line-scans for high molecular weight P3HT (a-c) and 

low molecular weight P3HT (d-f).  Panels a and d are as for as spun films and b and 

e are annealed films.  The height change upon annealing is similar for both molecular 

weights, but the morphologies are different.  Cartoons (panels g-h) illustrate the 

morphologies observed for high and low molecular weight P3HT blends. 
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Figure 3.9  Small molecule perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride 

(PTCDA) was chosen for this research due to its carbonyl reporter groups. 
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Figure 3.10  The carbonyl stretches of PTCDA.  The C=O is split into a doublet due 

to symmetric and asymmetric stretching.  Those stretches are also split into doublets 

because of Davydov splitting.  The symmetric stretches are located at 1770 cm-1 and 

1755 cm-1, while the asymmetric stretches are at 1742 cm-1 and 1730 cm-1.  The 

peaks at 1755 cm-1 and 1730 cm-1 correspond to the inequivalent molecules in the 

unit cell. 
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Figure 3.11  Bilayer devices were fabricated on top of germanium waveguides.  The 

devices included PTCDA and various small molecule semiconductors. 
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Figure 3.12  Symmetric carbonyl stretches for PTCDA deposited in bilayer 

geometry with small molecules. 
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Table 3.1  Vibrational frequency shifts for the carbonyl stretch of PTCDA 

bilayer devices with respect to the neutral (neat film ν=1770 cm-1) position. 

 CuPc α-NPD CBP BCP Alq3 

Δν (cm-1) 4 5 3 5 2 
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Chapter 4.  Polaron and ion diffusion in a poly(3-hexylthiophene) thin film 

transistor gated with polymer electrolyte dielectric 

 

4.1  Introduction 

Electrolytes are finding applications as dielectric materials in low-voltage 

organic thin film transistors (OTFT).  The presence of mobile ions in these materials 

(polymer electrolytes or ion gels) gives rise to very high capacitance (>10 µF cm-2) 

and thus low transistor turn-on voltage.  In order to establish fundamental limits in 

switching speeds of electrolyte gated OFETs, we carry out in situ optical 

spectroscopy measurement of a poly(3-hexylthiophene) (P3HT) OTFT gated with a 

LiClO4:poly(ethyleneoxide) (PEO) dielectric.  Based on spectroscopic signatures of 

molecular vibrations and polaron transitions, we quantitatively determine charge 

carrier concentration and diffusion constants.  We find two distinctively different 

regions: at VG ≥ -1.5 V, drift/diffusion (parallel to the semiconductor/dielectric 

interface) of hole-polarons in P3HT controls charging of the device; at VG < -1.5 V, 

electrochemical doping of the entire P3HT film occurs and charging is controlled by 

drift/diffusion (perpendicular to the interface) of ClO4
- counter ions into the polymer 

semiconductor.  

 Polymer electrolytes consisting of mobile ions dissolved in a polymer 

matrix[1] are being explored as high-capacitance dielectric materials for OTFTs.[2-6]  

The effective capacitance of these materials can be as high as 103 times those of 

conventional dielectrics.  Such exceptionally high capacitance (>10 µF cm-2) is 

believed to come from the diffusion of mobile ions to the dielectric/organic 
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semiconductor interface upon the application of a gate voltage, resulting in the 

formation of an electrical double layer with nanometer thickness.  This high 

capacitance permits very low gate voltage in switching an OTFT from the off-state to 

the on-state, as demonstrated by a number of groups for OTFTs based on organic 

single crystals[2,3] and small molecule[4] or polymer[5,6] semiconductor thin-films.  A 

fundamental question of interest here concerns the mechanism of charge injection: Is 

the gating process purely electrostatic or electrochemical?  

We define electrostatic doping as a distinct interface with mobile ions of one 

polarity accumulating on the polymer electrolyte side and charge carriers of opposite 

sign accumulating on the organic semiconductor side.  The electrostatic doping 

mechanism occurs for a very thin portion (e.g., approximately a single layer) of the 

organic semiconductor layer immediately next to the dielectric where the 

electrostatic field is highest.  In contrast, an electrochemical doping process can be 

defined as the mass transfer of mobile ions into the bulk of the organic 

semiconductor.  In this case, the entire organic semiconductor sample (the total 

thickness of the thin film) can be doped.  The electrochemical mechanism is 

unambiguous at high gate voltages, as the total injected charge density is well 

beyond what can be accommodated by one or a few molecular layers.  There are also 

distinct spectroscopic signatures associated with electrochemical doping.[7,8]  In 

comparison, the electrostatic doping mechanism usually believed to be operative at 

low gate bias is less black-and-white in some cases.  For example, the simple picture 

of an electrical double layer may apply for OTFTs based on organic single crystals, 

as the penetration of ions into the organic semiconductor is hindered by the close-
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packed crystal structure.  However, roughness and a distribution of structural defects 

at the surface of a molecular or polymer film may permit the diffusion or partial 

penetration of ions into the first layer of the organic semiconductor phase.  This 

process resembles the electrochemical mechanism, but only for the interface region 

of the organic semiconductor (not the entire film).  Thus, a clear distinction between 

electrostatic or electrochemical doping is neither necessary nor warranted in this 

case. 

Despite the ambiguity in doping mechanisms of OTFTs gated with polymer 

electrolyte dielectrics, a question of more practical importance is very clear: what is 

the rate-limiting step in charge injection/accumulation?  This charging rate 

determines the maximum switching speed of an OTFT.  There are three 

drift/diffusion processes; each may limit the charging rate: the drift/diffusion of 

anions or cations in the polymer electrolyte towards the organic semiconductor 

interface, the drift/diffusion of ions into the organic semiconductor, and the 

drift/diffusion of charge carriers in the conducting channel of the organic 

semiconductor.  The first process is the effective dielectric response of the polymer 

electrolyte.  As we show in this report, the movement of ions in the polymer 

electrolyte is not rate-limiting.  The second (ion penetration) or the third (carrier 

movement) process can be rate limiting, depending on the extent of electrochemical 

doping and dimension of the conducting channel.  We use regio-regular poly(3-

hexylthiophene) (P3HT) as the polymer semiconductor and a solid state solution of 

LiClO4 in poly(ethyleneoxide) (PEO) as the gate dielectric, as this model system has 

been thoroughly investigated recently in transistor measurements.[5-7]  Panzer and 
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Frisbie showed that the mobile ions in the PEO-LiClO4 dielectric provided a very 

high capacitance which enabled a low turn on voltage of VG = -1.5 V for the P3HT 

transistor.[5]  Temperature dependent measurements showed little thermal activation 

for charge transport in the on-state (VG < -1.5 V); this led to the suggestion that the 

high conductivity state for VG < -1.5 V was metallic like.  A similar conclusion was 

reached by Heeger and coworkers in a transistor measurement using the same PEO-

LiClO4 dielectric with P3HT and a different polythiophene;[6,8] these authors 

concluded that electrochemical doping was responsible for the high-conductivity 

state.  We recently carried out in situ optical spectroscopy measurements of gate-

doped P3HT using the PEO-LiClO4 dielectric and found that, in the insulating state 

at low doping level, hole polarons were present in two distinct environments: 

crystalline and amorphous phases of P3HT.  In the metallic region at high doping 

levels, the two polaron states merge into a single state.  We took this as evidence for 

strong carrier screening which removed the energetic barrier for polaron transfer 

from crystalline to amorphous domains and was responsible for the insulator-to-

metal transition.[9]  The present study focuses on the rate limiting steps in charge 

build-up in the polymer electrolyte gated device. 

 

4.2  Experimental 

All devices used in this study were fabricated on silicon crystals that served 

as waveguides for multiple internal reflection Fourier transform infrared (MIR-

FTIR) spectroscopy.  Each Si crystal (10mm x 32 mm x 1mm) was cut from a lightly 

doped silicon wafer and polished to the shape of a parallelogram with 45˚ angles 
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forming the two ends of the parallelogram.  Each device, shown schematically in 

Figure 1, was fabricated in inert environment (N2 drybox or vacuum) on native oxide 

terminated Si as follows.  A P3HT thin film (MW = 55 kD, Rieke Metals) was spin-

coated from a 20 mg mL-1 solution in 1,2-dichlorobenzene (Sigma) onto the Si 

surface.  The P3HT film thickness was 190 ± 10 nm, as determined by profilometry 

(Tencor P10).  A 30 nm thick Au source/drain electrode array (each 1.6 cm in length) 

was then thermally evaporated in a vacuum chamber (1x10-6 Torr) onto the P3HT 

film.  We used three different arrays: the first having 12 Au electrodes (11 channels) 

with inter-electrode spacing (i.e. channel length) of Lc = 0.50 mm; the second 

consisting of 5 Au electrodes (4 channels) with Lc = 1.06 mm; the third of two 

electrodes (one channel) with Lc = 7.25 mm.  Following the deposition of Au 

electrode array, we deposited (drop-casting in acetonitrile) a 100 µm thick polymer 

electrolyte gate dielectric, which consisted of LiClO4 in PEO (MW = 105) in a ratio 

of 16 ether oxygen atoms per lithium ion.  We completed each device by thermally 

evaporating a 30 nm thick Au gate electrode (1.6 cm2) onto the polymer electrolyte 

dielectric.  The active (gated) areas of P3HT were 0.88 cm2, 0.68 cm2, and 1.16 cm2 

for devices with Lc = 0.50, 1.06, and 7.25 mm, respectively.  

We carried out all spectroscopic measurements on a Nicolet 6700 FTIR 

spectrometer.  The IR light was passed through a KBr optical window into a glove 

box (O2 concentration < 0.1 ppm) and was focused by a concave mirror (f = 15 cm) 

into the silicon waveguide of the OTFT device.  The exiting IR light was re-

collimated and focused into a liquid nitrogen cooled Mercury (Hg) Cadmium (Cd) 

Telluride (Te) (MCT) infrared detector.  For in-situ spectroscopic measurements, the 
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source and drain electrodes were both grounded while a negative bias was applied to 

the gate.  The gate current was recorded on a Keithley 6517A electrometer.  We 

present each MIR-FTIR spectrum on an absorbance scale using a bare Si waveguide 

as background. 

A typical absorbance spectrum at VG = -1.5 V is shown in the lower part in 

Fig. 4.1.  There are two main features in this spectral region: a sharp vibrational peak 

at 1510 cm-1 due to the ring stretching mode (ωR) of neutral thiophene[10] and a broad 

peak centered around ~3800 cm-1 due the HOMO  polaron electronic transition 

(ω1).[11,12]  Note that the infrared active vibrational modes (IRAV)[13] are at lower 

frequency than that of ωR and are obscured by the strongly absorbing phonon modes 

of SiO2.  We find that the intensity of the ωR peak decreases with increasing doping 

(more negative gate voltage) due to the conversion of neutral thiophene molecules to 

the positively charged radical cation (hole polaron).  As expected, the intensity of the 

polaron peak (ω1) increases with doping.  We will rely on these two peaks for the 

quantification of hole polarons in P3HT. 

 

4.3  Results and Discussion 

4.3.1  Quantitative determination of hole concentration in gate-doped P3HT 

Previous transistor measurements on P3HT OTFTs gated with the PEO-

LiClO4 dielectric showed a low transistor turn on voltage of VG = -1.5 V.[5]  When 

the transistor is switched to the on-state (VG < -1.5 V), there was orders-of-

magnitude increase in charge carrier concentration and channel conductivity.  In the 

present study, we focus on carrier injection mechanisms at or above this transition 
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voltage.  Upon application of a gate voltage (VG < 0), we record in-situ FTIR spectra 

and measure gate current (IG) simultaneously as a function of time.  The electrical 

and spectroscopic measurements can then be quantitatively compared.  The upper 

panel in Fig. 4.2 shows time-dependent gate current for the wide channel device (LC 

= 7.25 mm) after VG is switched from 0 to -1.50 V at t = 0.  The integration of IG 

corresponds to the total charge, Q(t), injected into the active area of the P3HT film, 

assuming that leakage current is negligible.  The validity of this assumption is 

supported by the low level of IG at the long time limit, by the negligible IG at lower 

gate bias (data not shown), and by the excellent agreement between gate current and 

spectroscopic measurements.  The latter is shown in the lower panel, which 

compares the injected charge density (red curve, Q(t), obtained from integrated IG) 

with the peak area (crosses) for the polaron transition (see ωP in Fig. 4.1).  Similar 

agreements are obtained for devices of smaller channel width.  We thus reliably 

obtain a calibration factor to convert ω1 absorption to hole polaron concentration. 

Another spectroscopic signature associated with charge accumulation in the 

P3HT film is the loss of peak intensity in the neutral thiophene ring stretching mode, 

as illustrated by the inset in the lower panel of Fig. 4.2.  Based on the percentage loss 

of peak intensity, the total injected charge density, a thiophene monomer 

concentration of 5.2x1021 cm-3 (from the thin film density of 1.33 g cm-3),[14] and the 

percentage of active area under gate bias, we estimated that each injected hole 

corresponds to the intensity loss of 19 ± 10 thiophene rings, in agreement with the 

reported size of the hole polaron in P3HT from electron-nuclear double resonance 

measurements.[15] 
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4.3.2  Polaron or counter ion drift/diffusion can be rate-limiting. 

The major factors controlling the rate of charge accumulation are the 

drift/diffusion of charge carriers in the conducting channel of the organic 

semiconductor and the drift-diffusion of ions into the organic semiconductor.  The 

drift-diffusion of the ions inside the polymer electrolyte is ruled out as a rate limiting 

process later with simulation.  To determine whether ion drift-diffusion into the 

semiconductor or carrier drift-diffusion is the rate limiting process, we compared 

devices of different channel widths.  For a charging process controlled by carrier 

movement parallel to the interface, the charging rate should depend on channel width 

of the device.  In contrast, a charging process controlled by ion penetration into the 

organic semiconductor layer is independent of channel width since all devices 

probed here possess the same organic semiconductor thickness.  The upper panel in 

Fig. 4.3 shows the polaron uptake curves for three different channel lengths (LC = 

0.50, 1.06, 7.25 mm) at VG = -1.5 V.  Each data point is obtained from the ω1 peak 

area in FTIR spectra.  The polaron concentrations are presented in both area density 

and volume density based on the measured film thickness of 190 nm.  The maximum 

hole density achievable at this gate bias is 2.5x1015 cm-2, which is ~3x the density of 

thiophene rings in a monolayer (assuming a thickness of a = 16.63 Å for the 

crystalline domains).[16]  Thus, charging of the device at this gate bias occurs well 

beyond the first layer of thiophene units in contact with the dielectric.  We call 

doping at or below the transition gate voltage “light” electrochemical doping.  

Charging in this “light” electrochemical doping region is rate-limited by carrier 

diffusion from the source/drain electrodes as established by the channel length 
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dependence.  For the short channel device (LC = 0.5 mm), we see saturation of the 

injected carrier density for t ≤ 1x103 s.  At saturation, charge neutrality is achieved in 

the P3HT where each hole polaron is balanced by a ClO4
- ion.[17]  The saturation 

level is not reached within the timeframe of the measurements for the medium and 

long channel devices.  Since, the source-drain voltage is zero (both electrodes 

grounded) in our measurement, hole polaron movement can be approximated by one-

dimensional (1D) diffusion from the two electrodes.  Solution to the 1D diffusion 

problem (from two boundaries) is known:[18] 
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t→∞; D is the diffusion constant; l is the 

channel length.  The three red curves in the upper panel of Fig. 4.3 are fits to 

equation (1) for the three different channel lengths.  These fits give a diffusion 

constant for the hole polaron of Dh = 1.1 ± 0.4 x 10-6 cm2 s-1, independent of the 

channel length of the device.  The latter supports the interpretation that hole 

diffusion in the channel is rate-limiting.  Similar results are observed for -1.5 V < VG 

< -1.0 V (data not shown). 

When the gate voltage is increased to VG = -2.0 V, there is a dramatic 

increase in the amount of charge injected; this is consistent with previous transistor 

measurements.  The hole polaron density at VG = -2.0 V is over 50 times that at VG  

= -1.5 V.  The maximum hole polaron density is ~6x1021 cm-3 at the long time limit.  
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This maximum density is greater than the total thiophene ring density and is 

therefore probably an overestimation.  The cause of this overestimation is likely due 

to the failure of the factor used to convert polaron absorbance into charge carrier 

density at high carrier densities.  The factor itself depends on carrier density, which 

makes the conversion unreliable at higher gate voltages.  Gate voltage dependence 

stems from the fact that the absorption cross section for the ωP absorption most likely 

changes as the system passes through the metal-to-insulator transition which occurs 

between -1.5 and -2.0 V.[9]  Regardless of the exact carrier density, virtually the 

entire P3HT film is doped electrochemically.  There must be significant electronic 

interaction and charge carrier screening among hole polarons at such a high doping 

level.  Note that, due to slowness in charging rate, the amount of charge injection is a 

strong function of time or switching frequency.  The total charge injected at the long 

time limit is 2-3 orders of magnitude higher than that reported earlier for much 

shorter time scales.[5] 

The uptake curves of the two short channel devices (LC = 0.50 and 1.06 mm) 

are nearly identical within experimental uncertainty.  This establishes that diffusion 

of counter ions (ClO4
-) through the P3HT film is rate limiting.  To the first 

approximation, we use a simple 1D diffusion model (from the dielectric interface 

into the 190 nm thick P3HT film) to describe the charging curves.  The fits give a 

diffusion constant of DIon = 1.3±0.1 x10-14 cm2 s-1.  For comparison, Kaneto et al. 

reported ClO4
- diffusion constants of 10-12-10-10 cm2 s-1 in a polythiophene film in 

contact with liquid electrolyte.[19]  The low diffusion constant for ClO4
- through the 
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semiconducting polymer film is responsible for the slow kinetics of electrochemical 

doping.[19- 21] 

When the channel length is increased to 7.25 mm, the charging rate is much 

lower than at shorter channel lengths.  Thus, at this voltage, the rate-limiting step 

changes from diffusion of ions (perpendicular to the semiconductor/dielectric 

interface) at short channel length (LC = 0.50 and 1.06 mm) to hole diffusion along 

the channel at long channel length (LC = 7.25 mm).  Fitting the charging curve at LC 

= 7.25 mm to equation (1) gives a hole polaron diffusion constant of Dh = 6.8 ± 0.9 x 

10-6 cm2 s-1.  The hole diffusion constant at VG = -2.0 V is 6x times that at VG = -1.5 

V, consistent with the well-known fact that carrier mobility in an OTFT increases 

with doping level, including electrochemically doped P3HT.[5,22]  This is often 

explained by the presence of a distribution (in terms of energy) of charge carrier 

traps in the organic semiconductor.  According to the multiple trap and release 

(MTR) model of charge transport in organic semiconductors, as gate voltage is 

increased and more charges are injected into the semiconductor, traps are filled (from 

deep to shallow) and activation energy for the release of a carrier out of a trap 

decreases.   

To the first approximation, we can relate the hole diffusion constant to 

mobility based on the Einstein relationship: 
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where D is the diffusion constant; µ is the mobility; k is Boltzmann’s constant; T ( = 

295 K) is temperature, and q is the charge of the carrier.  The diffusion constant at 

VG = -2.0 V corresponds to a mobility of µ = 2.7 x 10-4 cm2 V-1 s-1, which is similar 

to those reported in transistor measurement for P3HT gated with the PEO-LiClO4 

dielectric.[5,22]  Note that, for more quantitative conversion, correction to the Einstein 

relationship must be included to account for the presence of a distribution of traps.[23]  

A consistent picture emerging from the above measurements is as follows.  

Charging of the polymer semiconductor due to electrochemical doping is determined 

by the diffusion/drift of both charge carriers and counter ions, the former from 

source/drain electrodes and the latter from the polymer electrolyte dielectric.  Each 

of these two processes can be rate limiting, depending on device geometry and the 

extent of doping.  For low to moderate levels of electrochemical doping, counter ion 

penetration into the interface and near-interface region is faster than the diffusion of 

holes on the semiconductor.  The presence of excess counter ions in the organic 

semiconductor provides driving force for the injection of charge carriers into the 

channel and diffusion or drift (if a source-drain bias is applied) of charge carriers is 

the rate-limiting step. For high levels of electrochemical doping, either drift/diffusion 

of counter ions or charge carriers can be rate-limiting, depending on the channel 

length to thickness ratio. For complete electrochemical doping at short channel 

length, drift/diffusion of ions through the organic semiconductor film is rate-limiting, 

while at long channel length, drift/diffusion of carriers becomes rate-limiting. 
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4.3.3 Polarization of the polymer electrolyte is fast. 

The analysis shown above is based on the assumption that ion movement 

within the polymer electrolyte is faster than ion or hole drift/diffusion in the polymer 

semiconductor.  To determine the timescale of polarization of the PEO-LiClO4 

dielectric material, we carry out modeling using a finite element method within the 

COMSOL Multiphysics package.  The differential equations governing the motion of 

ions in the dielectric are solved numerically for a finite number of spatial points.  

The equations used take ion diffusion and their interaction with the applied electric 

field into consideration.  The values used for the diffusivity of the lithium and 

perchlorate ions are from previous measurements.[1,24]  In order to solve Poisson’s 

equation self-consistently with the electric field, we impose a maximum 

concentration boundary condition.  This condition forces the diffusivity and the field 

effect mobility to approach zero as the ion concentration reaches the specified 

maximum concentration.  Concentration dependent conductivity is well documented 

and can be understood by noting that ion conduction requires both ions and ion 

vacancies.  The value used as the maximum concentration is obtained by assuming 

that the concentration of ether oxygen atoms in PEO must be at least four times the 

lithium ion concentration.  That is, the lithium ions must be coordinated by at least 

four ether oxygen atoms.[25]  To give this condition physical relevance, we take the 

finite element mesh to represent the average spacing between ether oxygen atoms.  

Fig. 4.4 represents the time dependent evolution of perchlorate ion 

concentration at the semiconductor/dielectric interface after the gate voltage is turned 

on at t = 0.  The most obvious conclusion is that polarization of the dielectric occurs 
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at a time scale close to µs, much faster than the timescales of charge injection.  Thus, 

the time dependent responses observed from gate current and spectroscopic 

measurements are not due to ion motion in the PEO dielectric material.  This 

conclusion may initially seem surprising, given the relatively low conductivity of the 

PEO/LiClO4.  However, the apparent puzzle is resolved when we consider the small 

distances the perchlorate ions near the interface must traverse to establish their 

equilibrium concentration profile.  This distance should be on the order of the Debye 

screening length (λD ≈ a few Å). 

 

4.4  Conclusions 

We carried out in situ optical spectroscopy measurement of a P3HT OTFT 

gated with a LiCl4:poly(ethyleneoxide) (PEO) dielectric with different channel 

lengths.  There are two electrochemical doping mechanisms.  At VG ≤ -1.5 V, 

drift/diffusion of hole-polarons in the P3HT channel controls charging of the device 

while at VG = -2.0 V, charging is controlled by drift/diffusion (perpendicular to the 

interface) of ClO4
- counter ions into the polymer semiconductor for short channel 

length devices.  However, hole polaron motion can again be rate-limiting if the 

channel length is sufficiently long.  The hole diffusion constants are Dh = 1.1±0.4 

x10-6 and 6.8±0.9 x 10-6 cm2 s-1 at VG = -1.5 V and -2.0 V, respectively. The 

diffusion constant of the ClO4
- counter ions in P3HT is much slower, DIon = 1.3±0.1 

x10-14 cm2 s-1. 
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Figure 4.1  Upper: Schematic illustration of the P3HT OTFT gated with LiCl4-PEO 

polymer electrolyte dielectric on an IR waveguide.  Lower: In situ FTIR spectrum 

obtained at VG = -1.5 V.  ωR (= 1510 cm-1) is the ring stretching vibrational mode 

neutral thiophene; ω1 (~3800 cm-1) is the HOMO  polaron transition. 
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Figure 4.2  Upper: Gate current (IG) of the wide channel device (LC = 7.25 mm).  

Lower: total injected charge obtained from the integrated gate current (red) and peak 

area of the ωP polaron transition (grey crosses) as a function of time after gate 

voltage is switched on at t = 0.  The inset shows the ωR thiophene ring stretch 

vibration region of FTIR spectra taken before (black) and after (blue) VG is turned on 

for 14,000 s. 
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Figure 4.3  Polaron concentration as a function of time after the gate voltage is 

turned on from VG = 0 to VG = -1.5 V (upper) or -2.0 V (lower) for the three channel 

lengths indicated (LC = 0.50, 1.06, 7.25 mm).  The crosses are data points obtained 

from the peak area of the polaron transition in FTIR spectra, while the red curves are 

fits to 1D diffusion models.  Note that in the lower panel, for easy distinction from 

that at LC = 0.50 mm, the polaron uptake for LC = 1.06 mm is shown in blue and its 

fit is omitted. 

 
Figure 3. Polaron concentration as a function of time after 
the gate voltage is turned on from VG = 0 to VG = -1.5 V 
(upper) or -2.0 V (lower) for the three channel lengths 
indicated (LC = 0.50, 1.06, 7.25 mm). The crosses are data 
points obtained from the peak area of the polaron 
transition in FTIR spectra, while the red curves are fits to 
1D diffusion models. Note that in the lower panel, for 
easy distinction from that at LC = 0.50 mm, the polaron 
uptake for LC = 1.06 mm is shown in blue and its fit is 
omitted. 
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Figure 4.4  Simulated perchlorate ion concentration at the dielectric/semiconductor 

interface as a function of time.  We carried out simulation via the finite element 

method using the COMSOL Multiphysics package. 
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